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Abstract 
Many photonic applications of chalcogenide glasses rely on the photosensitivity 
of these materials. However, the understanding of the mechanisms of photosensitivity in 
chalcogenide glasses is far from being complete. This thesis focuses on the atomistic 
origin and kinetics of photostructural changes, especially the photoexcited atomic 
processes at various time scales, and photoinduced volume change.  
We evaluated the photosensitivity of arsenic and germanium chalcogenide glass 
(ChG) films, in terms of optical properties such as optical absorption, refractive index 
and optical band gap. We distinguished the photoinduced changes into permanent, 
metastable, and transient changes. The atomistic origin of photostructural changes was 
investigated by in situ X-ray absorption spectroscopy (XAS). The photochemical reaction 
involving transformation from homopolar to heteropolar bonds occurs in both systems. 
Photobleaching in germanium chalcogenides is due to both surface oxidation and 
photochemical reaction. Permanent photodarkening in arsenic chalcogenides is due to the 
significant As-Ch bond length expansion driven by the photochemical reaction. We also 
studied the kinetics of photostructural changes by using the state-of-the-art Quick-XAS 
technique, and found that the photostructural change follows the exponential kinetics and 
has the time constant comparable to that of permanent photodarkening. It was also found 
that the optically and thermally induced structural changes are identical in the as-
deposited films. However, we did not observe any structural signature of the metastable 
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and transient photodarkening and photoinduced optical anisotropy (POA) at the time 
scale of seconds. The reversible photostructural change, if any, remains unresolved. The 
origins of transient photodarkening involve both electronic and atomic processes, while 
POA may arise from the oriented dipoles composed of pairs of a charged defect and its 
trapped photoexcited carrier.  
For the first time, we discovered the fast photoexcited atomic processes at the 
time scale of picoseconds in disordered solids by laser-pumped x-ray-probed XAS 
technique. At this time scale, these fast atomic processes involve formation of pairs of 
homopolar bonds, relaxation of the strained bonds, and ultimate reversion to heteropolar 
bonds. Photofluidity is plausible through bond switching and diffusive motion. These 
processes may also contribute to transient photodarkening at short time scale. 
The photoinduced volume change does not have one-to-one correspondence with 
photodarkening or photostructural changes. Photocontraction is essentially a 
photorelaxation process with loss of configurational entropy through the loss of free 
volume in glass. Photoexpansion arises from the viscoelastic deformation arising from 
the combination of photothermal effects and photofluidity. We modeled the temperature 
rise and volume expansion induced by laser heating, and found that significant surface 
expansion occurs with the moderate laser heating (~20K), due to linear thermal 
expansion and Poisson effect of the compressive forces present at the interface between 
irradiated and unirradiated volumes. Photoinduced volume change arises from the 
competition between photorelaxation and photoexpansion.   
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Chapter 1: Literature Review 
Chalcogenide glasses (ChG) are made of Group VI element(s) (S, Se, and Te), 
typically alloyed with Group IV and/or V elements (e.g. As, Sb, Ge etc). Typical 
chalcogenide glasses are elemental S (Se, Te), binary As2S(Se, Te)3, GeS(Se, Te)2, 
ternary Ge-As (Sb)-S (Se, Te), Ge-Ga-S(Se, Te), quaternary systems Ge-As-Sb-S (Se, 
Te), and even more complicated systems. ChG have many unique properties and are 
versatile like a chameleon [1]: infrared transmission, high refractive index, low band gap 
energy, low phonon energy, high χ(3) nonlinearity, fast ion conduction, photoconductive, 
and photosensitive, leading to various important commercialized and potential 
applications in photonics, electronics, ionics, etc. Despite the intensive investigation for 
over five decades, the structure and mechanisms for many unusual properties of 
chalcogenide glasses are not well known or still under debate. Therefore, chalcogenide 
glasses have drawn extensive interest for device applications as well as fundamental 
understanding.  
Among the many fascinating properties of chalcogenide glasses, the 
photosensitivity, i.e. modification of structure and properties when the materials are 
exposed to electromagnetic field irradiation, is technologically important and plays a key 
role in their photonic applications, e.g. fabrication of photonic devices such as 
waveguides, resonators, gratings, microlens arrays and photonic crystals by direct laser 
writing or photolithography. Due to the diversity and complication of photoinduced 
phenomena, the mechanisms of photosensitivity of these materials are not well 
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understood. Especially, the knowledge of dynamics of photoinduced changes is very 
limited, but critical for revealing the structural mechanisms of photoinduced modification 
and precise control in their photonics device fabrication and performance.  
In this chapter, the general aspects of chalcogenide glasses are reviewed, covering 
the topics of glass formation, structure, composition-structure-properties relationship, 
electronic band structure, and defects. Special attention is then paid to a survey of various 
photoinduced phenomena and dynamics and the current understanding of their structural 
mechanisms. 
1.1. General aspects of chalcogenide glasses 
Distinct from the oxide glasses which are made of mixed ionic and covalent 
bonds (largely ionic), chalcogenide glasses consist of predominantly covalent bonds 
because of the similar electronegativity of the constituent atoms. In contrast to the typical 
semiconductors, it is generally observed that chalcogenide glasses are insensitive to 
doping [2], i.e. the electrical conductivity is relatively unaffected by impurity addition, 
leading to the well-known “8-N bonding rule” proposed by Mott [3], which states that the 
constitutent atoms in chalcogenide glasses have the coordination number of 8-N, where N 
is the number of valence electrons (electrons at the outermost shell) of the constituent 
atoms. For example, in AsxS1-x glasses, the coordination number is two for sulfur atom, 
and three for arsenic atom. The “8-N” rule applies to many chalcogenide glasses with 
highly covalent bonds such as As-S(Se, Te), Ge-S(Se, Te), Ge-As-S (Se, Te), but not 
valid for those with highly ionic bonds such as Ga-La-S and Ga-Na-S glasses. In Ga-La 
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(Na)-S glasses, the gallium is tetracoordinated with sulfur, forming [GaS4] tetrahedrons 
which are glass network former.  
The bond energies of chalcogenide glasses are often much lower than those of 
oxide glasses. For example, the typical bond energies for As-S, As-Se, Ge-S and Ge-Se 
bonds are 260 kJ/mol, 230 kJ/mol, 265 kJ/mol, and 230 kJ/mol [4], respectively, whereas 
the typical bond energies for Si-O and B-O bonds in oxide glasses are ~500 kJ/mol and 
~374 kJ/mol, respectively. A direct consequence of the low bond energy of chalcogenide 
glasses is the low optical band gap energy. Figure 1-1 shows that the optical band gap 
energy (Eg) of glasses is nearly proportional to their bond energy (EB), and the plot of Eg 
vs. EB converges into a straight line except for B2O3 and BeF2 glass formers [5, p.381].  
Chalcogenide glasses exhibit much lower optical band gap energy (~1-3 eV) than oxide 
glasses and belong to the family of amorphous semiconductors. The electrical 
conductivity of chalcogenide glasses increases dramatically when exposed to 
electromagnetic radiation, known as photoconductivity, which allows the 
commercialization of the direct-conversion flat panel X-ray imaging system by using a-
Se as the photoconductor [6]. 
Due to the heavy constituent atoms and weak bond strength compared to oxide 
glasses, chalcogenide glasses have low phonon energy (~200 cm
-1
 for selenide glasses), 
resulting in the multiphonon absorption edge (IR absorption edge) in the long wavelength 
region. Therefore, chalcogenide glasses show wide infrared transmittance window over 
the wavelength region from ~400nm through ~20µm, depending on their composition, 
enabling their applications as infrared optical fibers and lenses. The characteristic of low 
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phonon energy makes them suitable for the host matrix of ion dopants (e.g. rare earth 
ions) for IR lasers and amplifiers with high quantum efficiency of IR emission due to the 
low probability of multi-phonon relaxation (non-irradiative) of the excited states of ions.  
The heavy constituent elements and highly covalent bonds in chalcogenide 
glasses also lead to high refractive index (n ~ 2-3+), providing the advantage of strong 
optical field confinement in their waveguide applications. It allows small waveguide bend 
radii and thus compact circuit designs. According to the Miller’s rule [7]  χ(3) = (χ(1))4 10-
10
, high (linear) refractive index leads to high χ(3) optical susceptibility in chalcogenide 
glasses as well, about 3 orders larger than silica glass, which makes them as the 
promising candidate materials for all-optical processing devices. 
On the other hand, the low bond energy results in low glass transition temperature 
(Tg), e.g. Tg (As2S3) ~210
0
C, compared to Tg (SiO2) ~1300
0
C. Figure 1-2 summarizes 
the glass transition temperature for ttypical chalcogenide glasses in relation with the 
enthalpy of atomization, and compares with the Tg’s of the typical oxide glass formers. It 
should be noted that Tg is also correlated with the dimensionality and connectivity of the 
network structure besides the bond energy. The low Tg of chalcogenide glasses provides 
the advantage of relatively low processing temperature; however, it also brings the 
concern of the stability of these materials, since the structural relaxation can be severe 
given the Tg close to the ambient temperature. Because of the low bonding energy and 
open network structure, chalcogenide glasses often have higher ionic conductivity than 
oxide glasses, thus appear promising for the solid electrolyte applications.  
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Many of the physical properties of chalcogenide glasses can be readily modified 
by electromagnetic irradiation, which has important applications in lithography, direct 
laser writing, and microfabrication. The photoinduced phenomena are very broad and 
complicated, and their mechanisms are not known yet. The photosensitivity of 
chalcogenide glasses is generally associated with the low bond energy, structural 
flexibility and relaxation, homopolar bonds, lone pair electrons of chalcogens, and 
charged defects. It will be discussed in detail in Section 1.2. 
1.1.1. “Amorphous” vs. “glassy” 
Literature often groups chalcogenide glasses (bulks and thin films) together with 
non-crystalline tetrahedral semiconductors (e.g. a-Ge, a-Si) into “amorphous 
semiconductors”. In many cases, the terms “amorphous solids” and “glasses” have been 
used interchangeably without distinction. On the other hand, it has also been suggested 
that “amorphous solids are thermodynamically distinct from glasses” [8]. Glass is the 
non-crystalline solid that transforms into liquid through glass transition upon heating, 
while amorphous solid does not show glass transition behavior upon heating but directly 
crystallizes. In addition, glass possesses short range order (SRO) similar to that of its melt, 
whereas the SRO of amorphous solid is distinct from its melt. Therefore, the amorphous 
solids cannot be prepared by melt-quench method at conventional cooling rate (air, water, 
or liquid nitrogen cooling). Non-crystalline tetrahedral semiconductors such as a-Si and 
a-Ge are typical amorphous solids. The a-Si and a-Ge are fourfold coordinated in their 
solid state, but six-fold coordinated at their corresponding liquid states. They can be 
prepared by vapor condensation method but not by the conventional melt-quench method. 
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However, non-crystalline chalcogenides include both glassy and amorphous solids. 
Despite the difference between amorphous solids and glasses, they both retain short range 
order similar to that in their corresponding crystalline solids, e.g. well-defined bond 
lengths and bond angles. Due to the long range disorder (lack of translational periodicity), 
both amorphous solids and glasses are the subgroups of non-crystalline solid which is 
defined as the solid lacking long-range order in structure.  
Since the chalcogenide thin films used in the present work were prepared by 
thermally evaporating the chalcogenide glass bulks, these thin films possess the similar 
glass transition behavior as their parent glass bulks. Therefore, the term “chalcogenide 
glassy thin films” will be used for all the thin films in the present study.  
1.1.2. Formation of chalcogenide glasses 
Glass formation principles have been explained in terms of coordination number, 
bond strength, bond type, and topological constraints. In general, three different 
approaches, emphasizing the structural, kinetic and thermodynamic aspects respectively, 
prevail for explaining and predicting the glass formation. 
The glass formation definitely has not correlated much with the bond types 
present in the material. Oxides, chalcogenides, fluorides and metals can form glasses. 
Oxide glasses mainly involve mixed covalent and ionic bonds; chalcogenide glasses 
mainly consist of covalent bonds, with a few exceptions such as Ga-Na-S glasses; the 
chemical bonds involved in fluoride glasses are primarily ionic; the bonds in metallic 
glasses are metallic. Comparing to the bond type, the chemical bond strength appears to 
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play a more important role. Sun’s single bond strength criterion [9] classifies oxides into 
three divisions: glass network formers with EA-O 80 kcal/mol, network intermediates 
with 60 kcal/mol  EA-O  80 kcal/mol, and network modifiers with EA-O  60 kcal/mol. 
This division of oxides serves as an important guideline for designing glass compositions; 
however, this criterion does not apply to the whole family of chalcogenide glasses in 
which the single bond strengths are on the order of about 40 kcal/mol.  
In principle, from the kinetic point of view, any melt can form glass, given that 
the cooling rate is fast enough. According to the nucleation/crystallization theory, a 
critical cooling rate is required to avoid crystallization and form glass when cooling down 
a melt. However, the ease or difficulty of glass formation for various melts, i.e. glass 
formation ability (GFA), does vary with or depend on the structure and thermodynamics 
of the melts. 
In the phase diagram, it is often observed that the GFA increases as the liquidus 
temperature decreases, i.e. the so-called “liquidus temperature effect” [10]. In other 
words, the GFA is maximized around the eutectic compositions [11]. This effect can be 
understood as follows: if the melt solidifies at higher temperature (i.e. higher liquidus 
temperature), it tends to crystallize due to the faster motion of atoms in the solidification 
process. However, if the melt solidifies at a lower temperature (i.e. lower liquidus 
temperature), it tends to retain the disordered structure due to the slower motion of atoms. 
However, the liquidus temperature effect is not observed all the time; in some 
multicomponent systems such as As-Te, Ga-Te, and Al-Te, the maximum GFA does not 
coincide with the eutectic composition; in fact, the GFA increases with the increasing 
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liquidus temperature in some regions of the phase diagrams. For the GFA of a single 
component system, Sun-Rawson’s criterion of GFA takes account of both the chemical 
bond energy and the melting temperature. In order to evaluate the GFA of a multi-
component system, the Sun-Rawson-Minaev (SRM) criterion [12] is suggested:  
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where Ei and Mi are the energy and number of the bonds of type i, respectively; N is the 
total number of the constituent atoms, and Tliq is the liquidus temperature.  
The classic Zachariasen’s rules [13] evaluate the GFA in oxide glasses in terms of 
structure. Zachariasen argued that an open and flexible network structure is critical for 
glass formation. To achieve this, the coordination number (CN) of cations to oxygen 
(chalcogen) should be no more than 2, the CN of oxygen (chalcogen) for cations should 
be 3 or 4, and the cation polyhedrons should share at least three corners. These rules can 
be extended to chalcogenide glasses in general, for example that As2Ch3 and GeCh2 are 
                                                 
1
 Equation (1.1) has been modified based on the original SRM criterion equation, which was 
written as:  
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where Mi is the fraction of atoms bonded by this type of chemical bond, and Ki is the 
coordination number of these atoms. However, this formula is confusing for three reasons: 1) EA-B 
and EB-A are differentiated, 2) the definition of Ki is not clear, 3) the iM may be larger than 1 
in structural configurations such as >A-B-B-A< since the B atoms are double counted. 
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glass formers; however, they are not completely valid, since chalcogenide glasses can be 
formed not only with stoichiometric but also instoichiometric compositions. For example, 
GexSe1-x can form glass with a wide range of x. In fact, the most glass formation tendency 
is found not at the stoichiometric GeSe2 but at x=0.16. Phillip’s topological constraints 
theory [14] may better predict the GFA for the binary chalcogenide glasses. The GFA is 
related with the mechanical constraints from the chemical bonds on two aspects, bond 
stretching and bending. The number of constraints Nc in a system with average 
coordination number <m>, is equal to <m>
2
/2. The GFA is maximized when the number 
of constraints  Nc equals to the dimensionality of the system Nd, i.e. Nc=Nd. For GexSe1-x 
glass, the best GFA is reached when Nc=x*4
2
/2+ (1-x)*2
2
/2=3, i.e. at x≈0.17. 
1.1.3. Structure and composition-structure-property correlations in 
chalcogenide glasses 
The structure of chalcogenide glasses can be assemblies of molecules, stacked 
distorted layers, as well as continuous random networks (CRN); therefore, features of 
various dimensions, including 0-D (e.g. rings, molecules), 1-D (chains), 2-D (sheets or 
layers) and 3-D, can be found in chalcogenide glasses.  Specifically, Se8 and S8 ring 
molecules are present in a-Se and in the S-rich As-S or Ge-S glasses, respectively; 
As2S(Se)3 glass is considered as stacked distorted layers of polymeric units of [AsS(Se)3]; 
GeS(Se)2 glass contains covalently bonded atoms arranged in a 3D open network with the 
basic tetrahedral [GeS(Se)4] units.  
There are two distinct models to describe the bond statistics for the covalently 
bonded chalcogenide glasses: random covalent network (RCN) and chemically ordered 
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covalent network (COCN) [2]. In the picture of COCN, the short range order of glass is 
retained, i.e. the local atomic structural unit, coordination number, bond length and bond 
angles are well defined and very similar to its corresponding crystal. The disorder arises 
presumably from the broad distribution of bond angles (especially the dihedral angles). 
According to this model, in the compositions of AxB1-x where the coordination numbers 
of A and B are a and b respectively, the heteropolar bonds of A-B are favored; for 
example, in the A-rich region, i.e. x> b/(a+b), A-A and A-B bonds are present; in the A-
deficient region, i.e. x<b/(a+b), B-B and A-B bonds are present; in the stoichiometric 
composition of  AbBa, there are only heteropolar bonds of A-B present. In contrast, the 
RCN model assumes a statistical distribution of bond types. Therefore, in a binary AxB1-x 
system, three types of bonds such as A-A, A-B, and B-B, are present at all compositions 
except the pure elemental system (A or B). Lucovsky et al. [15] performed vibrational 
(Raman and IR) spectra on the Ge1-xSx system, and suggested that the structure of Ge1-xSx 
bulk glasses can be described by the COCN model. However, the RCN model explains 
the presence of homopolar bonds in the chalcogenide glass films prepared by vapor 
condensation, as seen in Chapter 5. 
Many physical properties of chalcogenide glasses exhibit extrema at certain 
compositions, either at the floppy-to-rigid threshold proposed by Phillips [14] or at the 
structural phase transition threshold (<m>=2.67) at which the molecular structure is 
transformed into a 3D network structure according to Tanaka [16]. The compositional 
dependences of physical properties of AsxS1-x and GexS1-x glasses are very representative 
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and taken as examples in the following discussion for understanding the composition-
structure-property relationship in chalcogenide glasses.  
Figure 1-3 shows the phase diagram of AsxS1-x system [5, p.206]. Glasses can be 
formed in the composition region of 0.05<x<0.45. This figure also shows the dependence 
of glass transition temperature TG, activation energy for viscous flow Eη, microhardness 
HV, and molar volume V on molar fraction x. Maxima of TG, Eη and HV, and minimum of 
V appear at the stoichiometric composition of As2S3. Figure 1-4 shows the phase diagram 
of GexS1-x and glass formation region [5, p.224]. Maxima of V and TG appear at the 
stoichiometric composition of GeS2. In the glass formation region of AsxS1-x, the range of 
average coordination number is 2.05≤ z≤ 2.45 in which the stoichiometric composition 
As2S3 is the threshold for the floppy-to-rigid mode transition. In the glass formation 
region of GexS1-x, the range of average coordination number is: 2.24≤ z≤ 2.67 and 2.76 ≤ 
z≤ 2.86. The average coordination number for GeS2 is (4*1+2*2)/3=2.67, corresponding 
to the structural phase transition threshold. Therefore, in AsxS1-x and GexS1-x glasses, the 
floppy-to-rigid and structural transition thresholds coincide with their stoichiometric 
compositions respectively. As the concentration of arsenic or germanium (x) increases, 
the average coordination number increases, therefore the structure becomes more rigid. 
According to the topological constraint model, we expect Eη, HV and TG would increase 
as the structure becomes more rigid, and no extreme is expected. Apparently, the 
topological constraint model fails to interpret the presence of the extrema of physical 
properties. 
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Another factor affecting the physical properties is the presence of chemical bonds  
in the structure. As-As (Ge-Ge) and S-S homopolar bonds are present in the As (Ge)- and 
S-rich regions, respectively. The bond strengths are: EGe-Ge=185 kJ/mol, EAs-As=200 
kJ/mol, ES-S=280 kJ/mol, EGe-S=265 kJ/mol, and EAs-S= 260 kJ/mol. According to the 
bond energies, it can be expected that the physical properties such as HV, Tg, and Eη 
would decrease as the concentration of arsenic or germanium (x) increases, since ES-S> 
EAs-S> EAs-As and ES-S> EGe-S> EGe-Ge.  
The prediction of topological constraint model is consistent with the 
compositional dependence of physical properties in the S-rich region but not the As (Ge)-
rich region; the prediction of chemical bonds is valid in the As (Ge)-rich region, but not 
in the S-rich region. Therefore, the compositional dependence of physical properties is 
probably due to the combinational effect of both topological constraint and chemical 
bonds, as illustrated in Figure 1-5. When the average coordination number <m> is 
smaller than the <m> at the chemical ordered composition (stoichiometric), the 
increasing topological constraint has dominated effect over the decreasing bond energy, 
as the average coordination number increases; therefore, the physical properties such as 
HV, Tg, and Eη increases despite the decrease of bond energy. On the other hand, when 
the <m> is larger than the <m> at the chemical ordered composition, the decreasing bond 
energy starts to dominate over the topological constraint; therefore, the physical 
properties decrease as the average number increases. Therefore, an extreme of physical 
properties is present due to the opposite trends predicted by topological constraint model 
and chemical bonds.  
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Overall, a global extreme of physical properties appears at the stoichiometric 
compositions in both AsxS1-x and GexS1-x. It is apparent that the extreme is due to the 
competing effect between topological constraint and chemical bonds, while the fact that 
no extreme appears at <m>=2.45 for GexS1-x indicates that the chemical ordered structure 
is more influential than the topological constraint. The fact that the topological and 
structural transition thresholds coincide with the chemical ordered compositions leads to 
the suspect of the validity of these two thresholds. The structural transition threshold 
(<m>~2.67) may be simply the chemical ordered situation particularly in the IV-VI 
chalcogenide glasses. Perhaps, this threshold may have no universality. In contrast, the 
topological threshold does not only explain the maximized GFA at some binary 
chalcogenide glass systems but also accounts for the intermediate phase window in the 
Ge-Se binary glasses [17]. In addition, an inflection point at <m>~2.4 for some physical 
properties is also seen in the GexS1-x, although it is much less significant than at the 
chemical ordered composition (GeS2). 
1.1.4. Electronic band structure of chalcogenide glasses 
Since the electronic band theory was derived for the ordered crystal structure, the 
first question when dealing with the electronic band structure of glasses is: Do the glasses 
have electronic bands as the crystals? It is established that the concept of density of states 
(N(E)) is applicable in glasses as well as in crystals and the distribution of N(E) is very 
similar to their corresponding crystals[18].  Experimental methods, such as soft X-ray 
emission and absorption, UV and X-ray photoemission, and optical spectroscopy, have 
been used to obtain the information of N(E) in the materials. A general observation is that 
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the distribution of N(E) in both valence and conduction bands in glasses is similar to that 
of their crystalline counterparts, and therefore it is generally observed that a well-defined 
optical gap exists in glasses and is comparable to that of crystalline phases. Therefore, the 
N(E) should be determined mainly by the short-range order of the structure.  
However, distinction of N(E) of non-crystalline solids from crystals does exist. 
An important feature of electronic band structure of disordered materials is the presence 
of localized states at the bottom of conduction band and the top of valence band [18]. An 
important concept, the mobility edge, was proposed by Mott, to separate the extended and 
localized states within which the electrons are confined spatially. According to Kastner 
[19], the uppermost valence band in chalcogenide glasses is made up of lone-pair orbitals 
of chalcogens while the bonding states have lower energy, and the antibonding states 
form the conduction band. It is believed that the lone-pair electrons play an important 
role in many of their properties. To distinguish from the tetrahedral amorphous 
semiconductors, chalcogenide glasses are also called as “lone-pair amorphous 
semiconductors”, to emphasize the importance of lone pair electrons. Ovshinsky [20] 
suggested that the localized states in the gap originate from the interaction of lone pairs 
with each other and with their local environment. 
The model of electronic band structure of chalcogenide glasses is complicated by 
presence of states in the band gap. The concept of “states in the gap” refers to both the 
localized states extended from both valence and conduction bands (tail states), and the 
defect states, while the band gap is defined as Ec-Ev, where EC and EV represent the 
mobility edge at conduction and valence bands, respectively. Several models, such as 
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Cohen-Fritzsche-Ovshinsky model [21], Davis-Mott model [22] with its modified version, 
and a model based on discrete defect levels in the gap [23], have been proposed for the 
electronic band structure of non-crystalline semiconductors, as shown in Figure 1-6.  
The general characteristics of electronic band structure of chalcogenide glasses 
are best revealed by their optical absorption at the higher end of the frequency spectrum. 
In general, the optical absorption edge of chalcogenide glasses can be divided into three 
regions, as shown in Figure 1-7 [2]. The high absorption edge with α>104 cm-1 is 
associated with electron interband transition from the delocalized states in the valence 
band to the delocalized states in the conduction band. It is generally observed that the 
optical absorption in this region follows Tauc relation [24]:  
2
( ) gA E     , 
indicating a parabolic energy dependence of the density of states, i.e. 
1/2( )N E E . 
However, there are some exceptions [18, p.291-292]: The energy dependence of 
absorption coefficient in a-Se follows the relation of the form  ( ) gA E     ; 
some multicomponent amorphous chalcogenide thin films, such as Ge15Te81Sb2S2, 
Ge16As35Te28S21, and Si11Ge11As35P3Te40, show a cubic energy dependence of absorption 
coefficient, i.e.  
3
( ) gA E     . 
The intermediate absorption region (~10
2
~10
4
 cm
-1
) is called as Urbach edge in 
which the optical absorption shows an exponential dependence of photon energy: 
  ( ) exp gA E      . Although it has been more commonly observed in glassy 
and amorphous materials, the Urbach edge is not unique to non-crystalline materials but 
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also exists in some (impure) crystalline materials, such as alkali halides, CdS and trigonal 
selenium [18, p.275]. It is believed that the Urbach tail is due to the perturbation of 
internal electric field. However, the origin of the internal electric field is still under 
debate. Pan et al. [25] discussed the topological origin of Urbach tail in a-Si by first 
principle molecular dynamics simulation. The weak absorption tail (WAT) also follows 
an exponential form but has a much smaller slope than Urbach edge. It is well accepted 
that the origin of WAT arises from the electronic transitions involving defects states 
(states in the gap) directly. 
1.1.4.1. Defect states in the gap of chalcogenide glasses 
Evidences of defect states in chalcogenide glasses include the experimental 
observations of photoluminescence [26,
 
27,
 
28], drift mobility [29], and a pinned Fermi 
energy. Perhaps there are several discrete defect energy levels. 
The density of defect states in the gap is much smaller than that of tail states and 
has been inferred in the range of 10
17
~10
19
 cm
-3
eV
-1
. A well-known experimental fact is 
the absence of electron spin resonance (ESR) signals in chalcogenide glasses [30], which 
is contrary to the tetrahedral amorphous semiconductors (a-Ge, a-Si) for which the ESR 
signals have been observed and the paramagnetic centers (~10
19
~10
20
 cm
-3
) are located 
on the dangling bonds (broken bonds, D
0
) of singly occupied states. The absence of 
paramagnetic centers in chalcogenide glasses implies that the gap states are either doubly 
occupied or empty. Anderson [31] proposed that the electrons of defect centers are in 
bonding configurations and tend to be paired, and the strong electron-phonon interaction 
leads to a negative energy term exceeding the Coulomb repulsion between the paired 
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electrons, resulting in the effective negative correlation energy (negative U). The 
negative correlation energy also provides an explanation of pinned Fermi energy in 
chalcogenide glasses [32]. Street et al. [33] applied Anderson’s negative Ueff to the idea 
of charged dangling bonds, D
+
 and D
-
, acting as the donors and acceptors states levels, 
with the concentration of about 10
18
~10
19
 cm
-3. D represents “dangling bonds”, which 
can be D
+
, unoccupied states, D
0
, singly occupied states, and D
-
, doubly occupied states. 
When one bond is broken, D
+
 is formed if a bonding electron is removed. In other words, 
D
-
 is formed when an extra electron is captured. D
0
 defects are not stable, resulting in an 
exothermic reaction:
 0
2D D D   . D+ interacts with the lone pair electrons of the 
neighboring atoms and forms bond, which lowers the energy by this lattice distortion. 
The lattice distortion around D
+
 is much larger than that at D
-
.      
Kastner et al. [34] advanced Mott et al’s concept of charged defect pairs, and 
proposed valence alternation pairs (VAP) as the chemical origin of these defect states. 
Considering a twofold coordinated material (e.g. a-Se), various possible bonding 
configurations are shown in Figure 1-8. The neutral defects can have the configurations 
such as C3
0
 with energy of -2Eb+∆ and C1
0
 (a normal dangling bond) with energy of –Eb; 
since ∆<Eb, C3
0
 configuration is more stable than C1
0
. Both neutral defects should carry 
ESR signals. These neutral defects transform into paired charged defects, e.g. 2C3
0→C3
+ 
+ C1
-
, if 2*(-2Eb+∆)>-3Eb+(-Eb+ULP). In total, 2C2
0→C3
+ 
+ C1
-
, reaction consumes at 
least the correlation energy of lone pair orbitals (ULP). Since this reaction requires 
rearrangement of local atomic structure, a positive energy term representing the steric 
hindrance from the surrounding network should be also involved. Furthermore, if C3
+
 and 
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C1
-
 are bound to each other, or called as intimate VAPs (IVAPs), the Couloumb attraction 
provides a negative energy term.  
Under nonequilibrium conditions, D
0
 centers can be created by transfering 
electrons from D
-
 to D
+
 centers. Bishop et al. [35, 36]
 
 observed the optically induced 
metastable spin states (saturate at ~10
17
 cm
-3
) and below-gap absorption at low 
temperatures by sub-bandgap excitation, and suggested the spins are due to holes 
localized on chalcogen atoms and electrons localized on arsenic atoms (this 
nonequilibrium state is stable for several hours at 6 K).  
1.1.4.2. Photoluminescence in chalcogenide glasses 
Photoluminescence is very informative for probing the band tail states and defect 
levels in the gap. Typical photoluminescence and excitation spectra are shown in Figure 
1-9 [37]. The photoluminescence shows a broad emission band with ~½ Eg Stokes shift 
 
[33, 37, 38], which implies a large electron-phonon coupling effect suggested by Street et 
al [28]. They showed that the photoluminescence spectra of glassy and crystalline 
chalcogenides are very similar, however the photoexcitation spectra are distinct in the 
sense that the excitation band falls off at the high energy side for glassy chalcogenides 
[26]. The integrated luminescence signal reaches maximum for non-crystalline 
chalcogenides when the excitation energy is about the tail of the optical absorption edge. 
The luminescence signal strongly decreases with increasing temperature and follows the 
empirical relationship of 0/
,0
T T
L LI I e
 , while the excitation spectrum does not depend on 
temperature. 
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Street suggested that the luminescence arises from a transition between carriers in 
one of the band tails to a deep center. The mechanism can be explained more clearly with 
the help of a configurational coordinate diagram, as shown in Figure 1-10. Photo 
excitation promotes the electron into conduction band and thermallizes into the band tail 
states within a very short time, leaving a hole in the valence band which is then trapped 
rapidly (Process A). Alternatively, the electron can be directly excited from the shallow 
defect levels (Process A’). To achieve the trapping of hole, a necessary condition is to 
create the electron-hole pair close to a defect or to directly excite the defect itself. 
Assuming strong electron-phonon coupling, lattice distortion occurs around the defect, 
forming a new energy level (Process B). Radiative recombination then occurs between 
the electron at the tail state and the hole at the deep trap state. Therefore, the difference 
between excitation and emission energy, 2W where W is the lattice distortion energy, is 
the Stokes shift.  
1.1.4.3. Electronic conduction and carrier diffusion in chalcogenide glasses  
In literature, chalcogenide glasses are categorized into amorphous semiconductors 
in terms of their narrower band gap energy ranging from 1 to 3 eV compared with oxide 
glasses. However, their electrical conductivity is not necessarily in the range of typical 
semiconductors. For example, the electrical conductivity for As2S3  at room temperature 
is only 0.9×10-16 Ω-1cm-1, while the electrical conductivity for typical semiconductors is 
in the range of 10
3
~10
-8
  Ω-1cm-1. Based on time-of-flight measurements, most of 
chalcogenide glasses are intrinsic p-type semiconductors for which holes are the 
dominant charge carriers, while only very few chalcogenide glasses when doped with Bi 
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are known as n-type semiconductors. For example, the conduction type in Ge-Se(S)-Bi 
glass changes from p-type to n-type at 9-10 mol % of Bi [ 39 ]. In contrast with 
conventional semiconductors, Fermi level of chalcogenide glasses is not shifted much by 
doping, i.e. pinned at the midgap.  
The consequence of complicated electronic band structure is the various 
temperature dependent behaviors of electronic conductivity at different temperature 
ranges because of different activation energy. At high temperatures, the electrons are 
excited into extended states above the mobility edge, and thus band transport mechanisms 
dominate and the electrical conductivity has activation energy of EC-EF≅Eg/2. Since EF is 
located at about the mid gap, the electronic conductivity will be
/2( )/
0 0
g BC F B
E k TE E k T
e e  
   . As the temperature decreases, the electrons can be only 
excited into localized states below the mobility edge, and the transport mechanism is 
hopping. Therefore, the activation energy has an additional term, i.e. WH, the hopping 
activation energy, and thus becomes Ea-EF+WH, where Ea is the mobility edge within the 
conduction band. The electronic conductivity has the form of: 
( )/
0
a F H BE E W k Te     .
( )/
0
a F H BE E W k Te    
.
 
As the temperature continues to decrease, the electrons can only be excited into 
the localized states within the gap but above EF, and therefore, the carrier transport 
mechanism is called as variable range hopping, proposed by Mott [18]. In this 
temperature regime, the electronic conductivity follows the T
1/4
 behavior of the logarithm 
of the conductivity, and thus becomes
1/4/
0
A Te   . Although the T
-1/4
 law applies to 
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the Ge-type (a-Ge, or a-Si) amorphous semiconductors, variable range hopping is 
observed only in some special cases in chalcogenide glasses, e.g. low-temperature-
deposited films [2, p.46]. 
Emin et al. [40] proposed a distinct conduction mechanism, viz. small polaron 
conduction, which is considered more feasible in chalcogenide glasses. The charge 
carriers cause perturbation of their environment, and promote displacement of their 
immediate environment in order to lower the system’s energy. Therefore, the charge 
carriers transport in a manner that the motion carries the change of environment. This 
behavior is also called as “self-trapped”. It is believed that small polaron is more readily 
formed in glass than its crystalline counterpart, since the disorder in glass makes carriers 
move much slower. 
The electrical conductivity for many amorphous chalcogenides (or glasses) is 
found to increase dramatically when the applied electrical field is high enough, i.e. 
switching effect. There are two types of switching effects discovered in amorphous 
chalcogenides: memory and threshold switching effects. The I-V diagrams for both 
effects are shown in Figure 1-11 [41]. Threshold switch requires a holding voltage (VH) 
to maintain the highly conductive state, otherwise the material will return to the low 
conductive state when the applied voltage is below VH. In contrast, the memory switch 
retains its highly conductive state even after electrical field is turned off, and no holding 
voltage is required. The memory switching effect can be induced both electrically and 
optically. It involves a phase change process in which the highly conductive state 
corresponds to the crystalline phase while the low conductive state corresponds to the 
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amorphous phase. The optically induced memory effect has enabled the application of 
optical memory disks, e.g. rewritable CD/DVD. Recently, a growing interest is in the 
application of electrically induced phase change memory, specifically in phase change 
random access memory (PRAM).  
1.2. Various photoinduced phenomena in ChGs and the mechanisms 
1.2.1. Photoinduced changes of optical properties 
ChGs experience photoinduced changes of optical properties such as absorption, 
refractive index, optical band gap energy, etc. Among all the photoinduced optical 
changes, photodarkening / photobleaching associated with a red/blue shift of the 
fundamental absorption edge (optical band gap) upon bandgap light illumination is the 
most familiar phenomenon, which commonly exists in As-/Ge-based ChGs. These 
changes may be erased partially or completely through a simple annealing process around 
glass transition temperature. As shown in Figure 1-12, As2S3 shows photoinduced 
absorption at different absorption regions [42]. The absorption edge is shifted to lower 
energy when a-As2S3 is irradiated by band gap laser (2.41~2.54 eV). The shifting is not 
parallel to the original absorption edge; instead, the absorption edge after irradiation 
becomes broadened. The broadening at the weak absorption tail is especially evident 
through the optical absorption in the mid gap. The shifting of absorption edge can be 
partially recovered when the material is irradiated by a laser with lower energy (1.92 eV).  
“Photostable” ChGs [42, 43, 44, 45] may be obtained by combining both Ge and 
As into one ChG system, which is important for some applications where photosensitivity 
 25 
 
is undesirable, for example, in optical fiber, lenses, etc. However, it is not necessary that 
there are no photostructural changes in these so-called photostable films, since it was 
found that the solubility rate in alkaline solutions was changed after illumination [42, 43]. 
When linearly polarized light is applied, optical anisotropy may be induced in the 
initially isotropic glasses, such as dichroism (probing above-bandgap region) and 
birefringence (probing transmission region) [46, 47]. Photoinduced optical anisotropy 
(POA). POA can be quantitatively described as  
    
        
     
      (1.2) 
where    and    are the intensities of transmitted probe beam with polarization 
perpendicular and parallel to the polarization of pump beam, respectively. The absorption 
of probe light with polarization parallel to the pump usually becomes less than that of 
probe light with perpendicular polarization, leading to an optical axis of anisotropy which 
can be reoriented by changing the polarization of inducing light. Figure 1-13 shows the 
POA effect in AsSe film. The magnitude and kinetics of POA and its decay remain 
unchanged during the course of photodarkening.  POA can be erased by unpolarized or 
circularly polarized light, and it can be recovered again by the linearly polarized light. 
1.2.2. Dynamics of photoinduced optical effects in ChGs 
There are a few techniques to help investigate the dynamics of optical behavior of 
ChGs under illumination of bandgap light, e.g. transient grating method [48,49] and 
pump-probe technique [50, 51]. 
 26 
 
Aoyagi [48] and Tanaka [49] studied the µs-scale dynamics of photoinduced 
change of refractive index and absorption in a-As2S3 by transient grating method. Aoyagi 
used smaller grating pitches (1~4 µm), and the electronic diffusion governed the 
relaxation process, while larger grating spacing of 10~100 µm was adopted in Tanaka’s 
experiment where the non-diffusive lattice relaxation dominated the decay process. For 
the non-diffusive process, the relaxation time (~7µs) was independent of the grating 
spacing. In Tanaka’s experiment, it was found that a steady level remained for the 
relaxation process, which was more significant at lower temperature, as shown in Figure 
1-14. 
Sakaguchi [ 52 ,
 
53 , 54 , 55 ] studied photodarkening in amorphous and liquid 
As2Se3 (Eg ~ 1.8 eV) from nanosecond to second domain. Under repeated illumination 
with 7 ns pulsed laser, accumulated photodarkening was observed at second and minute 
domain, and it decreased gradually as the temperature increased, as shown in Figure 1-15. 
Fast photodarkening was observed in nanosecond domain after a single laser pulse, and 
then it decayed through the whole microsecond domain, as shown in Figure 1-16. Note 
that the accumulated photodarkening in second and minute domains disappears above the 
glass transition temperature, while the fast transient photodarkening in nanosecond 
domain persists for all the temperature, even in liquid state. 
Fork et al. [50] and Ackley et al. [51] studied the picoseconds dynamics of 
optically induced absorption in amorphous semiconductors by the pump-probe technique, 
but quite different results were obtained, as shown in Figure 1-17. Fork et al. found a 
residual absorption in As2S3 with slow decay, longer than the experimental limit (300 ps), 
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while Ackley observed much faster decay in As2S3-xSex, 4~12 psec. Fork et al. attributed 
the optically induced transient absorption to the contribution of localized carriers, and the 
slow decay was due to the low mobility of carriers because of localization. It was 
confirmed that two photon absorption mechanisms dominated in their experiment. 
Ackley et al. compared the relaxation mechanisms in a-Si and a-Si:H with As2S3-
xSex, and found out the relaxation processes in the former were slower than in As2S3-xSex. 
Different temperature dependences of relaxation were also found, viz. the relaxation was 
faster in a-Si, but slower in ChGs at room temperature than at a lower temperature (85K). 
They excluded the effect of two-photon absorption mechanisms in their experiment, since 
the pulse power was much smaller, 10
6
 times smaller, than that in Fork et al.’s 
experiment. The electrons were pumped into Urbach edge in As2S3-xSex. Therefore, they 
were less energetic and not able to drift apart from the holes. It helped form trapped 
excitons instead of independent carriers, which eventually relaxed through geminate 
recombination. It was further pointed out that the recombination process was by a 
tunneling mechanism which was related with the distance between the electron and hole, 
R0, and the phonon frequency, ν.  
In contrast, the electrons in a-Si were pumped into conduction bands and gained 
enough energy to drift away from the holes and finally became independent carriers, and 
therefore, the geminate recombination was less probable. Instead, the relaxation process 
in a-Si was by a defect mechanism in which the relaxation time was inversely 
proportional to the number of defects (deep traps or recombination centers) and the 
diffusion constant  D. 
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1.2.3. Photoinduced deformation in ChGs 
Besides the changes of optical properties, ChGs were also found to undergo 
volume expansion or contraction when exposed to bandgap (or super- or sub-bandgap) 
light. Hamanaka et al. [56] first discovered photoinduced volume change in ChGs. It has 
been found that most of the ChGs such as As2S3, As2Se3, GeS2 (Eg~3.2 eV) and GeSe2 
(Eg~2.2 eV), exhibit photoexpansion, but there is also exception, e.g. Ge1As4Se5 which 
showed photocontraction [ 57 ]. We will focus on the photoexpansion that is more 
common in ChG comparing with photocontraction. 
Photoexpansion depends on photon energy, light intensity, and the temperature 
during illumination, as shown in Figure 1-18. When illuminated at room temperature by 
bandgap light with intensity <100 mW/cm
2, ChGs exhibit volume expansion (∆V/V) of 
~0.4%.  Recently, Hisakuni and Tanaka [ 58 ] discovered the so-called giant 
photoexpansion with a volume change (∆V/V) of ~5%, as shown in the inset of Figure 
1-18. According to them, to achieve such a giant photoexpansion, there are two critical 
conditions, (a) the photon energy must lie in the exponential Urbach-edge region, i.e. 
1.9~2.3 eV in the case of As2S3, and the optimal condition is about 0.8Eg; (b) the light 
intensity should be around 10
3
~10
4
 W/cm
2
. On the other hand, illuminating sample at 
lower temperature favors photoexpansion, e.g. when illuminated at 10 K, the expansion 
can be seen even by naked eyes. Since photoinduced volume change is spatially localized 
within the illumination area, an accurate fabrication of microlens is achieved [59]. 
Tanaka found that photodarkening and photoexpansion in As2S3 show different 
kinetics, have no one-to-one correspondence, and thus may have different mechanisms 
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[60]. As shown in Figure 1-19, photoexpansion is faster than photodarkening when 
exposed to bandgap light (Ar laser, ћω=2.4 eV), while photodarkening is faster when 
subbandgap light (He-Ne laser, ћω=2.0 eV) is used. Note that the photodarkening and 
photoexpansion measurements were not done simultaneously on the same sample in [60]; 
more accurate in situ measurements must be performed to confirm the difference in 
kinetics. Different temperature-dependences were also found: the photodarkening was 
completely annealed out at 450 K, while photoexpansion disappeared at 490 K.  
Anisotropic deformations were also found in ChGs when exposed to polarized 
light. By using plane polarized bandgap light (λ=514.5 nm, ћω=2.41 eV, α~103 cm-1) 
with intensity ~400 W/cm
2
, Saliminia et al. [61] observed the polarization-dependent 
surface relief pattern on As2S3 film with thickness 2~4 µm when incident dose was larger 
than 0.6kJ/cm
2
. Specifically, a dip with pileups at the circumference along the light 
polarization direction was observed, as shown in Figure 1-20 (a). However, when lower 
incident dose (<0.6kJ/cm
2
) was used, only a giant photoexpansion (∆d/d~3%) occurred. 
Furthermore, a relief modulation pattern was formed when two polarized laser beams (p-
p, s-s, or cross-polarized) of the same wavelength and intensity interfered on ChG film. 
These anisotropic surface deformations were attributed to optical field-induced mass 
transport which was claimed as an athermal process. However, the temperature rise of 
sample must be examined more carefully, since illumination of bandgap light with 
intensity ~400 W/cm
2
 is very strong for observing normal photoinduced effects. By using 
much weaker illumination with intensity ~100 mW/cm
2
, Asatryan [62] found that the 
relief modulations were observed only for the conditions of RCP+LCP (right circularly 
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polarized and left circularly polarized) and two tilted linearly cross polarized beams, as 
shown in Figure 1-20 (b). Note that this mass transport was purely driven by light 
polarization since there was no intensity modulation at the polarization configurations in 
their experiment. Also note that the formation of relief gratings was permanent; it could 
not be removed by annealing at the glass transition temperature. 
Krecmer et al. [63] discovered polarization-dependent optomechanical effect in 
ChG. Figure 1-21 (a) shows their experimental set-up for photoinduced stress 
measurement in which a-As50Se50 thin film (Eg=1.96 eV, λg=628 nm, thickness 250 nm) 
deposited on a SiN cantilever (200µm in length, 20 µm in width, 0.6 µm in thickness) 
was exposed to a He-Ne laser (λ=633 nm, 17~963 mW/cm2). They observed transient 
nanocontraction parallel to the light polarization but nanodilation vertical to the 
polarization. The time-dependences of photoinduced mechanical stress and POA were 
measured independently as shown in Figure 1-21 (b), and fitted by a stretched 
exponential function (Kohlrausch law). After comparing the kinetics of photoinduced 
mechanical stress and POA, they found that these two phenomena had similar β1 and β2 
(the dispersion parameter of Kohlrausch law), but the former one was faster than the 
latter one. However, again these two measurements were not done on the same sample 
simultaneously, and therefore more accurate measurements must be done since the 
photoinduced effects are often light-intensity dependent.  
Tanaka [64] recently discovered a photoinduced anisotropic visible deformation 
in which an As2S3 free-standing film with lateral dimensions ~100 µm and thickness 1-10 
µm was exposed to polarized light with photon energy 1.9-2.4 eV and light intensity 40-
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4000 mW/cm
2
 (Figure 1-22). The striking feature for this visible anisotropic deformation 
was that the film curved up and elongated along the direction vertical to light 
polarization . Note that this phenomenon also occurs in crystalline As2S3. 
Finally, a very important phenomenon discovered by Hisakuni and Tanaka [65] is 
photofluidity in ChGs. As demonstrated in Figure 1-23 (a), a stressed As2S3 flake (0.2 
mm by 2 mm in lateral dimensions and 50 µm in thickness) bent segmentally at the 
region illuminated from the side surface by a focused He-Ne laser (ћω=2 eV) with light 
intensity ~10
2
 W/cm
2
. In Figure 1-23 (b), an As2S3 fiber with diameter 100 µm subjected 
to tensile stress became viscous at the region where the He-Ne light was focused. 
Photofluidity was further confirmed as an athermal process.  
1.2.4. Mechanisms of photoinduced effects 
Shimakawa et al.[42] summarized the scenario of photoexcited carriers in ChGs. 
Electron-hole pairs are formed by photons with bandgap energy. Then they are 
trapped/localized due to strong electron-phonon interaction, which may lead to structural 
rearrangement. Following the creation of electron-hole pairs, delocalized excitons can be 
also formed via. mutual Coulombic attraction, and can become self-trapped later on as a 
result of the structural rearrangement. Both electrons and holes can be also self-trapped, 
however, the latter can be more easily trapped by forming polaronic state, since the holes 
locate at the top of valence band and therefore are more likely associated with the local 
structural change via. hole-electron interaction (dilatation). On the other hand, the 
localized states which are intrinsic to glassy materials, including the valence and 
conduction band tails, favor the formation of self-trapped carriers, or polaronic states. 
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In Street’s model [4 (p.242), 66], the above mentioned self-trapped exciton was 
considered to be metastable, representing the photodarkened state, and thermal excitation 
was required for returning to the original state. Fritzsche [67, 68, 69] suggested that the 
self-trapped exciton represents an intermediate transient state. They both agreed that the 
self-trapped exciton may be a defect pair D
+
-D
-
 where D represents defect, i.e. a valence 
alternation pair (VAP) which was initially proposed by Kastner. Fritzche further 
suggested this defect pair as an intimate valence alternation pair (IVAP), i.e. P4
+
-P2
-
 (P 
represents pnicogen) in the case of As2S3 glass, or C3
+
-C1
-
 (C represents chalcogen) for 
Se glass. IVAPs are usually not stable and thus experience recombination accompanied 
by bond switching and atomic motion. Fritzsche [68] emphasized that the cumulative 
effect of local atomic structural changes involves all atoms throughout the network 
producing macroscopic changes, e.g. photofluidity. Also note that Fritzsche’s model does 
not rely on the breaking or creation of homopolar bonds. 
Different from the mechanisms referring to the local configuration changes, the 
models based on intermolecular changes were also proposed. Elliott assigned the 
reversible photoinduced changes to intra- and inter-molecular mechanisms [42, 70]. The 
intra-molecular change was considered as bond switching, specifically creation of 
homopolar bond in arsenic chalcogenides, and was thought to play a minor role since the 
homopolar bonds creation was determined experimentally to have a low concentration 
(1.5-2.0% for As2S3). Instead, the dominant process was considered to be the 
intermolecular changes involving Van der Waals bonds. 
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Tanaka proposed an interlayer expansion model [71, 72] in which a bond twisting 
mechanism was considered, as shown in Figure 1-24. The relaxation of photoexcited 
carriers leads to a bond twisting which causes interlayer stress. The resulting interlayer 
stress is then relaxed through an interlayer expansion. In the case of As2S3, the relaxation 
of photoexcited carriers can lead to two effects: 1) weakening of the interlayer force so 
that the layers flow, 2) formation of an IVAP (P2
+
-C1
-
) which causes bond switching. 
Tanaka [60] further explained the different dynamics of photodarkening and 
photoexpansion as mentioned in the previous section, viz. the former is slower for 
bandgap illumination, but faster for subbandgap illumination. Upon bandgap light 
illumination, atomic changes such as bond twisting occurs first and leads to a local strain 
which gives rise to photodarkening, and then the strain relaxes through the interlayer 
expansion which further leads to atomic changes. Therefore, photodarkening shows a 
slower kinetics. As for the subbandgap light, photofluidity is also involved in addition to 
conventional photoexpansion, and then the involved interlayer slippage due to 
photofluidity slows down the kinetics of giant photoexpansion.  
Shimakawa et al. [73] gave another view of interlayer motion based on interlayer 
repulsive Coulomb force, as illustrated in Figure 1-25. They argued that the holes diffuse 
away to the unilluminated region, whereas the electrons are localized in the conduction-
band tails, since the latter have much smaller mobility than holes. Thus, the layers in the 
illuminated region become negatively charged, leading to repulsive Coulomb force 
between layers. Finally, both expansion and slipping motion occur between layers. Chen 
et al. [74] further suggested in a glass with high-dimensionality molecular unit (e.g. 
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As2Se3) the Coulombic repulsive interaction would dominate and lead to photoexpansion, 
while if the molecular unit has low dimensionality, the cross-linking of molecular units 
through bond-switching process would be otherwise dominant and result in 
photocontraction as formed in semicrystalline As4Se3 films. 
Finally, POA is believed to have mechanisms different from that of the 
photoinduced scalar effects such as photodarkening. Especially, POA is a universal 
property of all ChGs, including those in which photodarkening is absent. Fritzsche [46] 
proposed that the macroscopically isotropic ChGs consist of small anisotropic 
microvolumes (AMV), as illustrated in Figure 1-26.  The overall anisotropy cancels out 
due to the random orientations of these AMVs throughout the whole volume, i.e. the 
numbers of AMVs orienting along the three coordinated axes (x, y, and z) are the same. 
The AMVs which orient the same as the light polarization will preferably absorb the light 
and then disappear due to light induced change of the AMV. Therefore, either the total 
number of AMVs decrease, or other oriented AMVs will increase, and therefore the net 
anisotropy appears. Elliott et al. [75] attributed the POA to light-induced realignment of 
IVAPs (D
+
-D
-
 or C3
+
-C1
-
) in ChGs. On the other hand, Chen et al. [76] observed 
polarization-dependent changes of local atomic structure around Se and As respectively. 
In summary, the photoinduced effects in ChGs arise from structural changes via. 
photoelectronic instead of thermal process. Models in terms of intra- and intermolecular 
movements have been proposed to interpret the photoinduced structural changes. 
However, these models are still more or less at a speculative level, and therefore direct 
evidences need to be found to verify the validity of these explanations.   
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Figure 1-1: The optical band gap energy of glasses as a function of the average molar 
bonding energy [5, p.381]. The optical band gap was taken as the photon energy at which 
the optical absorption is 10
4
 cm
-1
. 
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Figure 1-2: the Tg for the typical chalcogenide glasses in relation with the enthalpy of 
atomization and comparison with the Tg’s of the typical oxide glass formers [5, p.109].  
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Figure 1-3: the phase diagram of AsxS1-x. the dependence of glass transition temperature 
TG, activation energy for viscous flow Eη, microhardness HV, and molar volume V on 
molar fraction x. [5, p.206]. 
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Figure 1-4: Phase diagram of GexS1-x and glass formation region and the dependence of 
glass transition temperature TG, activation energy for viscous flow Eη, microhardness HV, 
and molar volume V on molar fraction x. [5, p.224]. 
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Figure 1-5: Prediction of the effects of bond energy and topological model on the 
physical properties such as hardness Hv, glass transition temperature Tg, and activation 
energy for viscosity Eη of AsxS1-x and GexS1-x. Solid line represents AsxS1-x; broken line 
represents GexS1-x. Red lines represent the prediction by topological model; green lines 
represent the prediction by bond energy; the blue lines represent the prediction by 
combining the effects of both bond energy and topological model. 
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Figure 1-6: The proposed models of electronic band structure in non-crystalline: (a) the 
Cohen-Fritzsche-Ovshinsky model, (b) the  Davis-Mott model, (c) modified Davis-Mott 
model, and (d) a model with discrete defects states. Figure adopted from  [2, p.117]. 
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Figure 1-7: Schematic representation of the optical absorption edge of chalcogenide 
glasses. Adopted from [2, p.74]. Absorption coefficient is in the unit of cm
-1
. Divisions of 
A, B and C are abandoned in the present work; new divisions are in the text. 
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Figure 1-8: Structure and energy of various possible bonding configurations for the 
chalcogen elements in chalcoegnide glasses. In configurations, there are straight lines, 
lobes, and large circles, representing bonding orbitals (σ), lone-pair orbitals (LP), and 
antibonding orbitals (σ*), respectively. Arrows represent the spins of electrons. Zero 
energy level is chosen at LP orbitals. Figure adopted from [34]. 
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Figure 1-9: Low-temperature photoluminescence (PL) spectra, excitation (E) spectra, and 
optical absorption edges (α) for As2S3, As2Se3, and As2Se1.5Te1.5 glasses. [37] 
 
Figure 1-10: Illustration of photoexcitation and luminescence processes by the energy 
level diagram (a) and configurational coordinate diagram (b), and the typical 
photoluminescence and excitation spectra for chalcogenide glasses.[37] 
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Figure 1-11: The I-V diagrams for the (a) threshold and (b) memory switching effects in 
chalcoegnide glasses. [41] 
 
 
 
(a) (b) 
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Figure 1-12: Photoinduced optical absorption by bandgap light and subsequent bleaching 
by subbandgap light at different optical absorption regions in As2S3. Figure adopted from 
[42]. It should be noted that the original absorption edge is not realistic, since it should 
not follow the same exponential behavior for all the absorption regions. 
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Figure 1-13: Photoinduced optical anisotropy (POA) in AsSe film. The sawtooth-shaped 
curves are photoinduced dichroism with alternating polarizations; the monotonically 
decaying curves are the photoinduced change of transmission, I(t)/I(0), i.e. 
photodarkening.  He-Ne laser with P=350 mW/cm
2 
was used in the measurement. [46] 
[47] 
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Figure 1-14: Tanaka’s transient-grating experiment: the decay process of light intensities 
diffracted from grated a-As2S3 films in (a) annealed state with pulsed-laser illumination, 
(b) under bias illumination (cw-laser) at room temperature, and (c) in annealed state 
(pulsed-laser) at 80 K. [49] 
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Figure 1-15: Sakaguchi’s experiment on the time evolution of accumulated photodarkening and second- and minute-scale decay in a-
As2Se3 and a-As2S3 at different temperatures.  Pump laser: 532 nm (2.33 eV), 7 ns, 1.1~1.4 mJ/cm
2
 (~100kW/cm
2
), 10Hz. [53] 
 
. 
 49 
 
 
 
Figure 1-16: Sakaguchi’s experiment on nanosecond dynamics of transient 
photodarkening in amorphous and liquid As2Se3 at different temperatures. [53] 
 
  
 
5
0
 
 
Figure 1-17:  Picosecond-dynamics of optically induced transient absorption in amorphous semiconductors.  Left figure is Fork’s 
result in (a) a-As2S3 and (b) c-As2S3 at 300 K. Pump laser: 0.61 µm, 0.5 psec pulse, 10 Hz, 2 GW (40 GW/cm
2
); probe: 0.63 µm. The 
middle and right figures are Ackley’s results on As2S3-xSex (x=0.44, 0.75) (middle), a-Si:H and a-Si (right) at different temperatures.  
Pump: 0.6~0.8 psec pulse, 10
4
~10
6
 Hz, 1.5 kW, 0.615 µm. [50, 51] 
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Figure 1-18: The time and temperature dependence of photoexpansion in a-As2S3 flake 
(~400µm) illuminated by focused 633 nm light for several minutes. The inset shows an 
AFM image of the giant photoexpansion (0.12µm) in a-As2S3 film (4µm thick). [57] 
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Figure 1-19: The time dependences of photoexpansion (∆L) and photodarkening (∆E) in 
As2S3 for (a) bandgap (Ar laser, ћω=2.4 eV) and (b) subbandgap (He-Ne laser, ћω=2.0 
eV) illumination. The samples are an As2S3 film (~3µm) and a bulk flake (~50µm). [60] 
 
 
Figure 1-20: (a) An AFM image of an area on As2S3 film (~2µm thick) exposed by a 
plane polarized light, ћω=2.41 eV, ~400 W/cm2, exposition time ~480 sec [61]; (b) the 
illumination-time dependence of the relief modulation depth in As2S3 film (~5µm thick) 
in RCP+LCP recording configuration: grating period ~30 µm, I=350 mW/cm
2, ћω=2.41 
eV.  [62] 
(a) (b) 
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Figure 1-21: (a) Krecmer’s experimental set-up for optomechanical measurement; (b) 
kinetics of photoinduced stress (σfilm) and optical-anisotropy (POA) in As50Se50 film.[63] 
 
(a) 
(b) 
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Figure 1-22: Linearly polarized light (ћω=2.3 eV, λ=532 nm, intensity about 4 W/cm2) 
induced deformation of As2S3 glass flake (4 µm thick) after illumination time (a) 0 hr, (b) 
0.25 hr, (c) 4 hr, and (d) 17 hr. The green bar represents the polarization direction, and 
the length represents a length of 0.1 mm. [64] 
 
  
Figure 1-23: A demonstration of photoinduced fluidity in As2S3 glass by Hisakuni. [65]  
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Figure 1-24: Tanaka’s interlayer expansion model. [71, 72] 
 
Figure 1-25: Shimakawa’s Coloumb force repulsion model for photoexpansion. [73] 
 
Figure 1-26: Fritzsche’s anisotropic microvolume model for photoinduced optical 
anisotropy. [46] 
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Chapter 2: Statement of purpose 
2.1. Challenges of research on photoinduced effects in chalcogenide glasses 
One often becomes confused with the numerous photoinduced phenomena and all 
kinds of speculative explanations reported in chalcogenide glasses. A clear and accurate 
picture of photoinduced effects in chalcogenide glasses has been lacking. The complexity 
and sometimes confusioin related to photoinduced phenomena and their mechanisms are 
due to the large variety of effects, the numerous glass compositions and sample history, 
the use of widely different laser irradiation conditions, and the range of experimental 
conditions and environments, etc. 
As mentioned in Chapter 1, various photoinduced phenomena have been found in 
chalcogenide glasses, such as photodarkening/bleaching, photoinduced anisotropy, 
photoexpansion/contraction, photoinduced deformation, photoinduced mass transport, 
photofluidity, photoinduced change of chemical stability, optomechanical effect, etc. 
Some of these phenomena appear concurrently, while others may require specific 
experimental conditions. In terms of reversibility, the photoinduced changes may be 
transient, metastable, or permanent. Photoinduced transient changes appear only when 
the sample is being exposed to laser but disappear after the laser is turned off; the 
metastable changes persist even after laser is removed, but can be completely removed by 
annealing neare Tg; the permanent changes can never be recovered unless the sample is 
remade under the conditions of original preparation. 
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 Photosensitivity has been studied in a large number of chalcogenide glass 
compositions, covering elementary (S, Se, Te), binary (Ge/As-Ch), ternary (Ge-As-Ch 
etc), and even more complicated systems. Different photoinduced phenomena may be 
observed in the samples of identical composition but with different preparation 
techniques and conditions, e.g. melt-quench bulk glass vs. thin films prepared with 
different deposition techniques. For example, the films can be prepared by thermal 
evaporation, plasma sputtering or laser ablation; they may be deposited with the vapor 
flux normal or oblique to the substrate. Samples with different thermal treatments, e.g. 
quenched bulk pieces, as-deposited films, and annealed samples, may show different 
photosensitivity. Different photoresponse is exhibited by the samples annealed at the 
same temperature but under different environments, e.g. air, N2, and vacuum. The 
photosensitivity is also affected by the environments in which the experiments are 
performed, e.g. in air, N2, vacuum, at pressure, etc.  
Often the intensity, energy and polarizations of excitation light, affect 
photoinduced changes in chalcogtenide glasses. The laser intensity may affect both the 
kinetics and magnitude of photoinduced effects. We may anticipate that rather different 
electronic processes are induced by the lasers of different photon energy due to the 
complicated electronic band structure of chalcogenide glasses. The photoinduced volume 
change varies with the photon energy of lasers due to the wavelength dependent 
absorption cross-section and hence the penetration depth. In terms of photon energy 
relative to the band gap energy of the sample, the laser employed is classified into three 
types: sub-bandgap, bandgap or super-bandgap. Photoinduced optical anisotropy and 
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anisotropic deformation have been found for chalcogenide glasses exposed by linearly 
polarized laser.  
Photoinduced changes in chalcogenide glasses are complex physical processes, 
involving atomic, electronic, and thermal processes. These processes are interconnected 
and difficult to differentiate. A general picture should integrate these processes. 
Numerous speculative models based on photostructural changes have been proposed to 
explain the photoinduced phenomena. However, there is no agreement about the 
underlying structural changes. At present, there is very limited structural evidence to 
verify the validity of the proposed models, as the photostructural changes are usually very 
small or beyond the instrumental resolution.  
Various physical processes may occur on different time scales and follow distinct 
kinetics. Therefore, through the knowledge of kinetics of photoinduced changes at 
various time scales, the nature of complicated photoinduced effects can be inferred. The 
knowledge of time dependent behavior of photoinduced modification of chalcogenide 
glasses is important also for the precise control of photonic device fabrication. However, 
to obtain the kinetics of photoinduced phenomena and structural changes, especially at 
short time scales, sophisticated time-resolved techniques are required. Currently, the 
information on kinetics of photoinduced changes is severely deficient. 
The thermal effects have been excluded from the mechanisms of photoinduced 
phenomena, since the laser induced temperature rise in these experiments is considered to 
be small. In particular, the photothermal effects have not been measured or clearly 
determined because of the fact that the interaction volume between laser and material is 
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small and the temperature profile varies along as well as normal to the laser beam 
propagation direction. At present, there is no measurement or convincing calculation to 
show that the temperature rise caused by laser irradiation is indeed neglectible.  
2.2. Objectives of the present work and approaches 
This work aims to explore the origins of photosensitivity of chalcogenide glasses, 
and subsequently provide a comprehensive understanding of photoinduced phenomena. 
To achieve these objectives, the present work focuses on the following aspects: the 
atomistic origin of photostructural changes; the kinetics of photoexcited atomic processes; 
the photothermal effects and their impact on photoinduced changes. 
We explore the atomistic origin of photosensitivity in chalcogenide glasses by in 
situ X-ray absorption spectroscopy (XAS), especially the extended X-ray absorption fine 
structure (EXAFS) which provides the local atomic structure, as will be seen in Chapters 
5, 6 and 7. The Glass Group at Lehigh University has been investigating the atomistic 
origins of photoinduced effects in ChGs by in situ EXAFS, and discovered a clear 
evidence of atomic structure changes in as-deposited arsenic selenide films. The present 
work further clarifies the photoinduced changes of local atomic structure. We extend the 
in situ EXAFS study to additional types of ChG families, especially the germanium- and 
arsenic-based sulfide glasses, in order to clarify the roles of bond switching and bond 
length change in the local atomic structure. 
The dynamical behavior of materials at sufficiently different time regimes is 
expected to reveal mechanisms of different photoinduced effects. We study in Chapter 7 
two types of kinetics of photoexcited atomic processes, viz. the slow and fast kinetics at 
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the time scale of seconds and picoseconds, respectively. The recently developed quick X-
ray absorption spectroscopy (Q-XAS) technique at NSLS has the capability of probing 
the dynamical change of local atomic structure with the time resolution of seconds. The 
state-of-the-art laser pumped X-ray probed X-ray absorption spectroscopy (LX-XAS) 
provides time resolution of picoseconds, and therefore can track the photoexcited fast 
atomic processes. 
We use dynamic in situ optical spectroscopy with time resolution of milliseconds 
to follow the kinetics of photoinduced changes of optical properties, such as optical 
absorption and refractive index, from which the photoexcited electronic processes can be 
inferred, as will be seen in Chapters 4 and 7. 
As mentioned in section 2.1, photothermal effects are induced in a confined 
volume of the material, and therefore direct measurement is challenging. To address this 
issue, we perform modeling to evaluate the temperature rise and surface deformation 
induced by laser excitation in Chapter 8. We also investigate the correlation between 
photothermal effects and photoinduced volume change. 
2.3. Outline of this dissertation 
The main body of this dissertation is organized as follows: 
Chapter 3 describes the experimental details of preparation of chalcogenide glass 
bulk and thin films, structural characterization techniques including X-ray absorption 
spectroscopy, X-ray photoelectron spectroscopy and electron diffraction, and dynamic in 
situ optical transmission spectroscopy. 
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In Chapter 4, the photoinduced changes of optical properties and compositional 
dependences are evaluated for several representative glass compositions, such as AsxS1-x, 
GexS1-x, As2Se3, GeSe2, and Se. The characteristics of transient, metastable and 
permanent photoinduced changes are discussed. The photoinduced and thermally induced 
changes of optical properties are also compared. 
In Chapter 5, the results of atomic structure obtained by EXAFS are presented for 
arsenic and germanium chalcogenide glass films. Supportive structural evidence is 
obtained from XPS. EXAFS technique is compared with electron diffraction, and proved 
to have higher atomic resolution and accuracy in determination of bond length. 
In Chapter 6, the photostructural changes in arsenic and germanium chalcogenide 
glass films are presented. In situ EXAFS is performed in order to resolve the permanent, 
metastable and transient photostructural changes, and the photoinduced anisotropic 
structure. Thermally induced and photoinduced structural changes are compared. 
In Chapter 7, the kinetics of photoinduced changes at various time scales is 
presented, in order to resolve the complex photoexcited electronic and atomic processes. 
Kinetics of photodarkening at the time scale of seconds is discussed. Kinetics of 
photostructural changes at the same time scale is presented. Fast photoexcited electronic 
process at the time scale of nanoseconds is studied by transient grating method; fast 
photoexcited atomic processes at the time scale of picoseconds are studied by LX-XAS. 
In Chapter 8, we discuss the mechanisms of photoinduced effects. The correlation 
between permanent photodarkening and photostructural change is discussed. The absence 
of transient and metastable phostructural changes and photoinduced anisotropic structure 
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are also discussed. We also discuss the mechanisms of photoinduced volume change 
including photocontraction and photoexpansion. In order to understand the mechanism of 
photoexpansion, we have modeled the photothermal effects including temperature rise 
and surface expansion induced by laser heating. 
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Chapter 3: Experimental Methods 
One of the major goals for the present work is to reveal the atomistic origin of 
photosensitivity in chalcogenide glasses. To achieve this goal, the photoinduced changes 
of atomic structure such as the chemical bonds involved, bond length, bond angle, 
coordination number, and disorder, need to be determined. In contrast to the crystal 
structure which can be represented by its unit cell and translational symmetry, the 
structure of amorphous material is disordered and can be described by the radial 
distribution function (RDF). The RDF, J(r), describes the spatial distribution of atoms in 
the material and is defined in terms of the atomic density ρ(r) at distance r from an 
arbitrary reference atom: 
                       (3.1) 
More often, the reduced RDF, G(r), is used, which is defined as 
                        (3.2) 
where ρ0 is the average atomic density. G(r) is also called as reduced density function. If 
ρ(r) is the density of atoms at a distance r from reference atom, the number of atoms at 
distance r is ρ(r) dV; if there are more than one kind of atoms present in the material, then 
the total number of atoms becomes  ρ
 
       where j indicates the kind of atom and ρj(r) 
is the density function of atom j at distance r. 
The RDF can be obtained experimentally from the scattering measurements. 
Alternatively, X-ray absorption spectroscopy (XAS), particularly the region of Extended 
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X-ray Absorption Fine Structure (EXAFS), also provides information of the atomic 
structure. In the present work, the electron diffraction and EXAFS measurements have 
been attempted to probe the atomic structure. However, as it will be shown in Chapter 5, 
EXAFS resolves the local atomic structure with better resolution and higher accuracy, 
and is superior to diffraction techniques. Therefore, in situ XAS is selected as the main 
characterization method for investigating the photoexcited atomic processes. The kinetics 
of photoexcited atomic processes are also explored by two state-of-the-art techniques: 
Quick-XAS and laser-pumped X-ray-probed XAS (LX-XAS). Therefore, this chapter 
will focus on the principle, experimental details, and data analysis of EXAFS. Electron 
diffraction has not been used intensively in this study, as it is technically challenging to 
extract the RDF by this technique, and only very scarce amount of literature has provided 
such information. Nonetheless, this chapter will provide the experimental and data 
analysis details about how to obtain RDF by electron diffraction. X-ray photoelectron 
spectroscopy (XPS) is used to provide supplemental evidence for the structure found by 
EXAFS, so its key experimental details will be described briefly. 
The rest of this chapter will briefly describe the experimental procedure for the 
measurements of dynamic in situ optical transmission spectroscopy for studying the 
photoinduced optical changes and their kinetics. The experimental details of our transient 
grating (TG) measurement for the fast electronic processes can be found in [1].The angle 
between two pump laser beams used in our TG measurements and the resulting spatial 
period of the illumination pattern are listed in Table 3.2. 
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3.1. Materials Selection and Preparation 
Although photosensitivity is observed in both chalcogenide glass bulk and thin 
films, this work mainly focuses on thin films, since the latter are more widely used in 
device applications. It will be very interesting to study the photoinduced changes of both 
Ge- and As-based chalcogenide glasses which often exhibit opposite photoinduced 
optical properties, for example, photobleaching and photodarkening, respectively.  
Sulfide glasses were preferred for the study of photostructural changes by EXAFS, 
since the heteropolar bonds such as As-S or Ge-S bonds were expected to be 
discriminated readily from the homopolar bonds such as As-As, Ge-Ge, and S-S in the 
FT-EXAFS due to the large difference of atomic radius between S and As or Ge. The 
study covered systematic compositions ranging from As-/Ge-rich to S-rich glasses. 
Specifically, Ge2S3, GeS2 and Ge28S72 glasses were studied within the germanium sulfide 
system; As30S70, As2S3, and As45S55 glasses were studied as representative arsenic sulfide 
glasses. However, one single synchrotron beamline usually does not cover the K edge 
energy for both S and As or Ge (S K edge: 2.472 KeV, As K edge: 11.867 KeV, Ge K 
edge: 11.103 KeV). Due to technical difficulties, we could not obtain meaningful data 
from the S K edge. Although it is difficult by EXAFS to discriminate the homopolar and 
heteropolar bonds in selenide glasses such as GeSe2 and As2Se3, it is informative to 
examine the atomic structure around both types of atoms in these glasses. Therefore, in 
this study, selenide glasses were also prepared for the structural comparison by EXAFS. 
Chalcogenide glass bulk pieces were used as the target materials for the 
deposition of thin films by thermal evaporation. To prepare chalcogenide glass bulk, 
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high-purity (5N) elemental powders were used as the raw materials. They were mixed 
and loaded into a silica tube. The tube loaded with batch was evacuated and sealed by 
using high-temperature flame of mixed oxygen-propane gas. It was then placed in a 
rocking furnace, which rotated up and down at about 40
0
 from the horizontal. The tube 
loaded with batch was heated following an appropriate temperature schedule, and held at 
high temperature (800
0
C for the As-S system, and 1000
0
C for the Ge-S system) for ~12 
hours. The motion of rocking furnace ensured the complete mixture and reaction of 
elements. Finally, the tube was taken out from the furnace and quenched in air, or cold 
water, or liquid nitrogen, depending on the glass formability. 
For the deposition of thin films, the glass flakes were loaded into a tungsten boat 
in the chamber which was evacuated to ~10
-6
 Torr. The temperature of tungsten boat was 
raised by passing electrical current through it. The flakes melted and evaporated, or 
sublimated directly. The vapor was deposited onto the glass substrates located about 25 
cm above the tungsten boat. The thickness of the deposited films and deposition rate were 
monitored during the evaporation. By tuning the voltage applied to the tungsten, the 
deposition rate of thin films was controlled. The thin films were usually deposited at a 
deposition rate of 10 Å/s. The thickness of deposited thin films was usually 1~10 µm. 
Some of the samples were annealed around their Tg under the vacuum of ~10
-6
 Torr, or 
in air or nitrogen. 
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3.2. X-ray absorption spectroscopy and EXAFS 
3.2.1. Basics of x-ray absorption spectroscopy 
X-ray absorption spectroscopy measures the absorption of x-rays as a function of 
x-ray energy E  . Figure 3-1shows a typical x-ray absorption spectrum for As2S3. 
The sharp edge is the absorption line of As atom, corresponding to the transition of 
electrons in the K shell to vacuum level. The XAS is usually divided into two primary 
regions: XANES and EXAFS. The regime from ~10 eV below to ~50 eV above the edge 
energy is referred as x-ray absorption near-edge structure (XANES). XANES is 
subdivided into the below-edge (or pre-edge), absorption edge, and above-edge (or post-
edge) regions. EXAFS, i.e. extended x-ray absorption fine structure, comprises of the 
regime from ~50 eV to ~1000 eV above the edge. 
The x-ray absorption in the energy region of EXAFS primarily arises from the 
photoelectric effect, Rayleigh scattering (elastic) and Compton scattering (inelastic). The 
process of main interest for an XAS measurement is photoelectric effect, since it is 
related with the characteristic energy of atomic species of interest. The scattering 
processes that constitute the absorption background should be removed in the analysis of 
XAS data. According to the time dependent perturbation theory [2] (often called as 
Fermi’s Golden rule), the linear x-ray absorption coefficient related to the photoelectric 
effect can be derived [3]: 
2 2 24
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     (3.3) 
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where e is electron charge, c is speed of light in vacuum, Na is the number of atoms per 
unit volume, e  is polarization vector of the electric field of the x-ray photon, r  is the 
coordinate vector of the electron and ρ(Ef) is the density of the final states.  
The above-edge region in the XAS comprises of a series of fine-structure 
oscillations of absorption. These oscillations originate from the scattering of 
photoelectrons by surrounding atoms of the absorbing atom. Following x-ray excitation, 
the outgoing photoelectrons waves spread out and are backscattered by the surrounding 
atoms. The backscattered and forwarded electron waves interfere, causing modification 
of the x-ray absorption. Therefore, the oscillations are seen in the above-edge energy 
region of the x-ray absorption spectra. The oscillations in XANES are due to multiple 
scattering of the photoelectrons. The theoretical account of multiple scattering is very 
complicated and not addressed yet. The oscillations in the EXAFS region (simply called 
as EXAFS) originate primarily from single scattering of photoelectrons by the immediate 
neighbors of the absorber atoms. Therefore, the interpretation of EXAFS data is more 
quantitative than that of XANES.  
The X-ray absorption can be obtained by directly measuring the transmission 
signal (Ia=I0-It), or indirectly measuring the x-ray fluorescence or Auger electron 
emission, as shown in Figure 3-2. In the measurement of x-ray transmission, the X-ray 
absorption coefficient is given by µ=-(1/d)*Ln(It/I0), where d is the sample thickness, I0 
and It are the intensity of incoming and transmitted X-ray flux, respectively.  
The X-ray fluorescence arises from the electron transition during the filling of 
core holes by outer-shell electron. It is proportional to the x-ray absorption and possesses 
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characteristic energy of absorbing elements. In the measurement of x-ray fluorescence, 
the x-ray absorption is given by µ~If/I0, where If is the intensity of x-ray fluorescence. X-
ray fluorescence measurement is superior to the transmission measurement when the 
element of interest is present in very low concentration (10-10
4 
ppm in atomic 
concentration) in the sample. Therefore, x-ray fluorescence measurement is preferred for 
the investigation of local atomic structure of dopants in a sample.  
Auger electrons are emitted when the transition during the filling of core hole by 
outer electron is coupled into a second outer electron. The detected Auger electron 
emission originates within ~30 Å of the surface region, since the electrons have small 
mean free path in condensed matter. Therefore, the Auger emission is a surface sensitive 
probe, known as one type of SEXAFS (Surface EXAFS) measurements. Alternatively, 
surface enhancement of EXAFS can be also achieved by x-ray total external reflection. 
The x-ray evanescent wave penetrates 20~30 Å into the sample when the x rays impinge 
on the sample at glancing incident angles. In this case, the X-ray fluorescence from the 
sample surface is found to be more useful than the reflected x-ray signals. 
Auger electron and X-ray fluorescence are competing processes and their relative 
strengths depend on the atomic number of measured elements. Auger emission dominates 
in light elements, while x-ray fluorescence is more probable with heavy elements. 
Specifically, Auger electron emission dominates over x-ray fluorescence for K-edges 
below 2 keV in energy.  
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3.2.2. Synchrotron sources 
The XAS measurements can be performed by using both laboratory radiation 
sources and synchrotron radiation sources, but the latter are more commonly used. 
Synchrotron experiment involves complicated instruments, including accelerator, 
electron storage ring, beamlines, and various x-ray optics. “The large machine 
atmosphere often means the experimenter has little feel for what is actually happening 
with the apparatus” [3]. 
Synchrotron is a large machine (about the size of a football field) that accelerates 
charged particles (e.g. electrons) to extremely high energies (several GeV for 3
rd
 
generation synchrotron facility), creating an electron beam that travels at almost 
(normally >99.99%) the speed of light. When high energy electrons are deflected to 
travel in a circular orbit, they emit extremely intense and tunable radiation. Up to now, 
synchrotron sources have experienced three generations; for example, NSLS is 
considered as a second generation source while APS is a third generation source. The 
second generation synchrotron source employs electron storage ring to maintain the 
energy of electrons. The third generation synchrotron source optimizes the light intensity 
by incorporating long straight sections into storage ring for insertion devices such as 
undulator and wiggler magnets. 
In general, synchrotron consists of an electron gun to generate electrons, a linac to 
accelerate electrons nearly to the speed of light, a booster ring to further increase the 
energy of electrons (the electron energy is increased by about 30 times of that in linac, 
mostly by increasing its mass instead of speed), an electron storage ring to store the 
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energy of electrons and generate synchrotron radiation, and beamlines where the 
synchrotron radiation is utilized for experiments, as illustrated in Figure 3-3. A storage 
ring consists of pumping system to maintain the vacuum at 10
-9
-10
-10
 Torr, a radio 
frequency (rf) cavity to maintain the electron energy due to the radiation losses, an 
inflector to couple the electron accelerator to the storage ring, and bending magnets 
where synchrotron radiation is produced. Alternatively, especially for the third generation 
sources, undulator and wigglers are widely used to generate radiation of higher intensity. 
Synchrotron radiation has several characteristics far superior to laboratory x-ray 
sources. Synchrotron radiation is pulsed, far more intense (>10
6
) than lab sources, tunable 
in energy, naturally collimated in vertical plane, and polarized in the electron orbit plane. 
The electrons in a storage ring are confined in bunches since a RF cavity is used to 
maintain the electron energy. Therefore, synchrotron radiation is naturally pulsed with a 
pulse length determined by the electron bunch length. The repetition rate depends on the 
number of bunches circulating in the machine and the natural orbit period. The time 
structure of the synchrotron radiation pulses allows time-resolved (especially pump-probe) 
measurements to be carried out. Because the electron is confined to the orbital plane, the 
synchrotron radiation is nearly 100% linearly polarized in the orbital plane. The 
polarization nature of synchrotron x-rays is useful for polarized XAS measurements on 
oriented materials.  
The maximum frequency of radiation spectrum is related to the angular frequency 
of rotation for the electrons ω0 and the electron energy: ω= ω0γ
3, where γ=E/mc2. A 
universal synchrotron radiation power spectrum can be obtained for a given machine with 
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the critical energy        
   , where ρ is the radius of the arc along which the 
electrons travel. The concept of synchrotron radiation source brilliance (spectral 
brightness) at given spectrum frequency is often used to compare different sources and 
defined as the number of photons emitted per unit time per unit area per unit solid angle 
per unit bandwidth of frequencies around the given frequency. The source brilliance has 
the unit of photons/s/mrad
2
/mm
2
/0.1%BW, where 0.1%BW denotes a bandwidth 10
-3ω 
centered at the frequency ω. Figure 3-4 shows the comparison of synchrotron radiation 
brilliance spectrum for different sources. It can be seen that the synchrotron radiation 
spectrum is fairly flat at the energies below Ec, but drops sharply above Ec.  
3.2.3. Beamlines and instrumentation 
Beamline captures the synchrotron radiation given off by the storage ring, and 
delivers to an end station for users’ experiments. A beamline consists of three sections: 
front end, the beamline (x-ray) optics, and the experiment station (end station). At the 
front end, the synchrotron radiations (x-rays) are coupled to the beamline pipe through a 
beam port tangential to the storage ring. The beamline optics includes filters, slits, 
monochromators, mirrors, attenuators, etc. The x-ray mirrors are used to collect the 
diverged x-ray beam during the delivery of radiation to the experiments. At the end of 
beamline with a distance larger than 5~10 m from the front end, experiment station is 
housed inside an interlocked radiation shielding enclosure called “hutch”.  
Since x-ray absorption spectroscopy measures the x-ray absorption as a function 
of x-ray energy, the white light source should be dispersed in terms of energy. There are 
two methods to separate the x rays of different energy. One technique is dispersive XAS 
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in which the x-rays of full range of required energies impinge on the sample, 
subsequently are dispersed spatially into different energies by a crystal, and then 
measured by a position sensitive detector. The other technique, also most widely 
employed, uses a mononchromator. Prior to impinging on sample, the x-rays of a small 
wavelength range Δλ are selected by a monochromator, and a full XAS scan is acquired 
by sequentially stepping the monochromator.  
Monochromator and detector systems are the two parts which the users should be 
concerned about the most. For example, the users need to optimize the beam by “tuning” 
and “detuning” the monochromator crystals in order to maximize the data quality; the 
users also need to choose appropriate detector system for the experimental design. In the 
following, we will introduce the basics of monochromators and detectors for XAS 
measurements. 
The x-ray monochromators consist of two independently adjustable crystals (Si). 
The most widely used configuration is a (nearly) parallel arrangement of the two crystals, 
also called non-dispersive configuration. There are two primary factors to control the 
energy resolution of XAFS beamline: monochromator and the vertical divergence of 
beam. A slit is placed in front of monochromator to truncate the beam size and reduce the 
divergence of white beam. The use of slit reduces the beam intensity, but it is important 
for improving the energy resolution of monochromator. Higher energy resolution is 
obtained when using smaller slit size. 
In addition to the fundamental reflection of monochromator crystal, higher-order 
reflections (i.e. harmonics, e.g. the Si (333) reflection) may be also allowed. These 
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higher-order reflections bring a precipitous rise in I0 as well as It or If, and thus 
deteriorate the data quality. These undesirable harmonics can be removed or suppressed 
by adjusting the pair of crystals to be slightly nonparallel. This operation is often 
encountered in the beamline alignment, also called “detuning”. “Detuning” usually 
follows an operation called “tuning”. By tuning, i.e. adjusting the pair to be as parallel as 
possible, the maximum fundamental intensity is achieved; following tuning, detuning is 
performed to cut off a portion (20~60%) of fundamental intensity. The optimum detuning 
can remove most of the harmonics intensity and 50% of the fundamental intensity.  
Another kind of data defect is glitches, referring to the sharp structure in the 
spectra. Glitches arise from multiple reflections of monochromator crystals, electronics, 
or non-uniformity of sample. Multiple reflections reduce intensity of the main beam 
exiting from monochromator, resulting in a precipitous drop of I0. If the detectors are 
well matched in response to change in intensity, the glitch can be ratioed out in the XAFS 
spectra. This is probably true for a transmission measurement in which both I0 and It 
detectors use ion chamber. In a fluorescence measurement, it is difficult to match the I0 
and If detectors, especially when a solid state detector (Ge, or PIPS) is used for 
fluorescence measurement. By tweaking one of the two crystals, the glitch arising from 
multiple reflections may be shifted around or reduced. Glitches due to non-uniformity of 
sample cannot be ratioed out, since only It (or If) is affected. Therefore, uniform sample, 
e.g. film of uniform thickness without pinholes and fine grounded powder, is very 
important for obtaining good quality data. When measuring single crystal samples, the 
Bragg diffraction of the beam at particular angles may also cause glitches. This can be 
eliminated by changing the sample orientation slightly. 
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The most common detectors for EXAFS measurements include gas ionization 
chambers, Lytle, PIPS, and Ge detectors. Gas ionization chambers are often used for 
monitoring the intensity of incident beam (I0) and transmitted beam (It). Lytle, PIPS and 
Ge detectors are used for measuring the x-ray fluorescence signal. 
Gas mixture is ionized when the high-energy x-rays pass through the gas chamber. 
The ions and electrons are then separated by the applied electric field, move apart to the 
electrodes, and generate a small current measured by an amplifier. Gas mixing depends 
on the energy range of the experiment. Important considerations for gas mixing include 
the ratio of mixing gas, gas pressure, and cylinder geometry (length). Since the x-ray 
absorption decreases with increasing x-ray photon energy, the portion of heavy gas in the 
mixture should be increased to obtain a good counting statistics. Rules of thumb for the 
portion of x-ray photons absorbed in the gas ionization chamber are 10% absorption in I0 
and 70% absorption in It or If. 
Lytle detector [4] is a specially designed ionization chamber with large detection 
area for measuring x-ray fluorescence. It is useful for the x-ray fluorescence 
measurement of dilute samples having >1000 ppm of element of interest or thin film with 
thickness > 100nm. A Lytle detector often consists of several parts, including an ion 
chamber, internal amplifier, Soller slits, sample chamber and power supply. The sample 
is positioned in the sample chamber at 45
0
 angle to the incident beam. This configuration 
minimizes x-ray elastic scattering signal and maximizes the fluorescence from the sample 
into detector. The large detection area of Lytle allows the large solid angle of acceptance 
for x-ray fluorescence. To absorb the received x-ray fluorescence as much as possible 
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(90-95%), appropriate gas should be chosen for the ion chamber of Lytle detector. The 
consideration for gas selection is the same as for the gas ionization chambers described 
above. However, the calculations for gas mixture in Lytle should be based on the energy 
of the fluorescence peak of the element of interest instead of the incident beam. It should 
be also noted that the Lytle gas chamber thickness is much smaller (e.g. 3 cm) than the 
gas ionization chamber. Normally, N2 is filled in the chamber for x-ray energies below 3 
KeV, Ar is filled for x-ray energies between 3-7 KeV, and Kr is filled for x-ray energies 
above 7 KeV.  
PIPS (passivated ion implanted planar silicon) is essentially a photodiode with 
large detection area. X-ray photons are absorbed by silicon, creating electron and hole 
pairs. The generated photocurrent is measured by a current amplifier. A great advantage 
of PIPS is the low noise level. Since PIPS is operated in current mode, the noise level is 
determined primarily by the amplifier and other electronics rather than the number of 
photons.  However, PIPS is light sensitive due to the narrow band gap of Si. Therefore, 
PIPS should be shielded with Al foil and operated in darkness.  PIPS is sensitive to 
temperature change, as the band gap of silicon decreases at higher temperature. 
Especially when at relatively high temperature (>130
0
C) the band gap of silicon vanishes, 
the noise level becomes very large, since any thermal fluctuation contributes to the signal 
detection. 
Lytle and PIPS are not energy discriminative detectors, and thus not suitable for 
samples which produce a very large background signal (scattering). In a beamline with 
monochromator, the background signal is greatly reduced. However, for the samples 
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having elements with close absorption edges, appropriate filters should be placed in front 
of these detectors. Unlike Lytle and PIPS, Ge detector has excellent energy resolution, 
can be tuned to the fluorescence energy of the element of interest, and thus allows to 
discriminate fluorescence lines with close energy. Especially, for very dilute samples 
with >10 ppm element of interest, it is necessary to use germanium detector. Ge detector 
should be cooled by liquid nitrogen. It is limited by its low count rate, 30k/s is the limit of 
total internal counts for it to be linear. Therefore, Ge detector is not used in time-resolved 
measurements; instead, Lytle, PIPS and gas ionization chamber with much higher count 
rates are widely used in these experiments. 
3.2.4. EXAFS data processing and analysis  
The edge energy E0 should be determined first. This can be done by choosing the 
peak position of first derivative of the absorption spectrum. Analysis of EXAFS is 
essentially insensitive to the absolute calibration of energy, since a ΔE during data fitting 
is introduced to compensate the slight misalignment of monochromator. However, large 
misalignment of energy will induce errors in energy differences. Energy calibration can 
be done before the measurements on the samples of interest by measuring the pure 
elemental material with edge energy close to that of the element of interest. Another 
method is to calibrate the energy position simultaneously with the measurement of 
EXAFS spectra by placing a reference immediately after the It ion chamber. 
Normalization is the next step in data analysis. Its purpose is to scale the 
absorption data to unit edge step, compensating for sample concentration or thickness. A 
pre-edge line is obtained by regression to the data in some region below E0 (200 to 50 eV 
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below the edge) and extrapolation to the data region. The pre-edge line is then subtracted 
from the data to remove the contributions from other lower energy absorption edges, 
Compton scattering, and instrumental background. The post-edge line is obtained by a 
quadratic polynomial regression to the data in the region above the edge (100 to 1000 eV 
above the edge) and extrapolation back to E0. The edge step is estimated as the difference 
between the pre-edge and post-edge lines at E0. Normalization is finally done by dividing 
the data after subtraction of pre-edge line by edge step. 
To isolate the fine-structure oscillations, the atomic absorption background, i.e. 
the absorption without contributions from neighboring atoms, should be subtracted:  
     
          
     
≅
          
      
     (3.4) 
where µ0(E) is the absorption of an isolated atom, and        is the edge step, evaluated 
by taking the difference of the pre-edge and post-edge lines at E0. It should be noted that 
“the absorption without contributions from neighboring atoms” does not mean an isolated 
atom in vacuum, but means an atom in the electronic environment of the condensed 
system but without backscattering from the near neighbors. Cubic spline functions or 
polynomials are typically used to fit the absorption background. 
After extraction of fine-structure oscillations, the energy coordinate is 
transformed to the k space according to k=[2me/ħ
2
(E-E0)]
1/2
. The conversion from E to k 
makes oscillation more uniform spatial frequency. Since the fine-structure oscillations at 
high k values are strongly damped, a power of k typically k
2
 and k
3
 is multiplied to      
to emphasize the oscillations at high k region. It is usually more informative to look at the 
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Fourier transformed EXAFS which transforms the      data into R space. The FT-
EXAFS is a complex function, including both real and imaginary components. It is more 
straightforward to look at the magnitude of FT-EXAFS. FT-EXAFS allows 
distinguishing shells at different distances. One should bear in mind that there is an 
inconsistency between the real atomic distance and the atomic distance shown in the FT-
EXAFS figure, since the phase shift function is usually not included in FT-EXAFS. The 
phase shift is typically 0.5 Å or so. Due to the finite data range, Fourier transform of 
EXAFS may bring some spurious peaks which contaminate the physical features of 
interest. To avoid this problem, multiplication of a window function and the      data 
are Fourier transformed. A typical window function is Kaiser-Bessel function. 
For an unoriented sample with Gaussian disorder, the EXAFS equation is given as 
[3]: 
       
    
       
        
     
   
 
   
                     (3.5) 
where k is the electron wave number defined as               , B is the type of 
atoms, j is the jth shell, NB is the number of atoms of type B in the jth shell, S0
2
 is an 
amplitude reduction factor representing central atom shake-up and shake-off effects, FB(k) 
is the magnitude of backscattering amplitude of the B atoms in the jth shell, RB is the 
mean atomic distance between the absorbing atom and the  B atoms in the jth shell,   is  
core radius of the absorbing atom that eliminates double counting of inelastic processes 
in the core region, λ is the mean free path of the electron due to the finite core hole 
lifetime and interaction with the valence electrons, and       is the electronic phase shift 
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for B atoms in the jth shell due to the atomic potentials.   
  is the relative mean square 
deviation of the B-type atoms about the average distance RB in the jth shell. From the 
term NBexp(-2k
2σB
2
), it can be seen that the larger k has larger dephasing effect, and thus 
the EXAFS is correspondingly smeared out at large k region. The parameters such as 
    ,            and    can be theoretically calculated by FEFF. By fitting the EXAFS 
equation into the      data, the important information regarding the local atomic 
structure of materials, such as coordination number, bond length, and disorder can be 
obtained.  
Statistical errors are crucial for the quality of EXAFS data, since the EXAFS 
consists of very subtle oscillations superimposed on a huge background absorption. A 
minimum signal-to-noise ratio (S/N) of ~20/1 is necessary to derive reliable structural 
parameters from EXAFS data [5]. The most difficult parameter to obtain in an EXAFS 
experiment is accurate amplitude information, while the phase information is relatively 
undisturbed. Two main considerations for statistical errors are the fraction of signal used 
to determine the incoming flux intensity, f*I0, and the product of sample thickness and 
absorption coefficient, µx.  
To get a certain signal to noise ratio (S/N), the minimum total number of photons 
I collected per data point is given by: 
22
3.2 s
s
S
I
N

 
  
   
   
, where μs is the absorption 
coefficient,  μs is the edge jump, and α is the fraction of the EXAFS signal to the edge 
jump (0.01<α<1 . In the measurement, we can simply examine the I0 signal and its noise 
level ΔI0. If ΔI0/I0>5%, two operations can be performed to improve the S/N: 1) increase 
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the x-ray intensity by optimizing the beam or opening up the slit larger; 2) change the gas 
mixture ratio to increase the absorption. 
In a transmission measurement, non-uniformity of sample thickness may lead to 
leakage of signals. The amplitude distortions become negligible when ∆µx<1.5, and the 
experimental errors for the amplitude is <5%. In a fluorescence measurement, the x-ray 
fluorescence may be reabsorbed by sample. This self absorption effect is a main concern 
for the EXAFS amplitude in fluorescence mode, and becomes severe when a thick 
sample is measured.  Other factors affecting amplitude distortion are glitches, harmonics, 
and energy resolution. Glitches and harmonics bring some sharp structures into the 
EXAFS, and thus deteriorate the amplitude information. Different amplitude may be 
obtained when different energy resolution is used in different measurements. 
3.2.5. In situ XAS and time-resolved XAS 
In situ XAS 
In order to study the atomistic origin of photostuctural changes in chalcogenide 
glasses, we performed in situ experiments in which the XAS and laser irradiation on the 
sample were performed simultaneously. The laser irradiation spot was much larger than 
the x-ray spot. In situ measurements ensured the real-time observation of the same spot of 
the same sample, and therefore the errors arising from sample variation and different 
spots were eliminated. Especially as the total photostructural change was subtle, in situ 
EXAFS experimental condition was necessary.  
Our in situ EXAFS experimental setup at NSLS is shown in Figure 3-5. There 
were two optical paths in this experiment: x-ray probe beam path and laser pump beam 
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path. For the x-ray probe beam path, synchrotron x-rays of continuous energy from the 
NSLS electron storage ring were injected into the beamlines, specifically the X18B and 
X19A beamlines used in our experiment. The x-rays then passed through a 
monochromator with double Si (111) crystals and a set of slits which controled the beam 
size (we usually used 10mmx1.5mm). A gas ion chamber was used to monitor the X-ray 
intensity prior to the sample, i.e. I0. X-rays finally reached the sample with incident angle 
~45
0
. A PIPS detector placed at 45
0
 angle to the sample was used to measure the x-ray 
fluorescence, i.e. If. Synchrotron x-rays were polarized in the orbital plane of electrons in 
the storage ring. The laser pump beam path intersected the sample at a small angle (~10
0
) 
to the x-ray probe beam path. The laser was polarized by a Glan-Taylor polarizer, and the 
polarization direction was manipulated by a     waveplate. 
Quick-XAS 
Quick-XAS technique (or Q-XAS) is capable of collecting one XAS spectrum 
within seconds and thus capturing the structural evolution at second- and minute-domains. 
The experimental setup was the same as that of the conventional in situ XAS. However, 
the motion of monochromator in the conventional XAS system was controlled by a 
stepper motor and thus it was not continuous. By comparison, the motion of 
monochromator in the Q-XAS system was driven by a DC motor and thus varied 
continuously.  
Figure 3-6 (a) demonstrates a set of typical Q-XAS data, including the 
monochromator angle, and X-ray incident (I0) and fluorescence (If) intensities as a 
function of time. In the present experiment, we set the collection time ~1sec per scan, and 
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30 scans per loop, i.e. ~30 sec per loop. There was about 11.1-sec gap between two 
successive loops. We then defined the loop time tc as the sum of effective scan time (30 
sec) and waiting time (11.1 sec), i.e. tc=41.1 sec. Figure 3-6 (b) shows the scans within 
one turn of motor motion. We called the left part as up-scan since the scan was from low 
to high energy, and the right part as down-scan which was from high to low energy. 30 
scans within one loop were averaged as one single EXAFS spectrum to reduce the 
statistical errors. 
For Quick-XAS data, conversion from Bragg angle to energy was required. The 
relation between Bragg angle and x-ray energy is given as:  
         ,    
  
 
 
      
   
  
    
       (3.6) 
where    is the Bragg angle for X-rays with wavelength λ and energy E0, and d is the 
spacing of Si (111) planes, about 3.1355 Å. For example of arsenic element, EAs 
Kα=11.867 keV, the corresponding Bragg angle is θAs Kα=9.5905
0
. Since the encoder 
might read the angle with an offset, energy calibration needed to be done. For example, if 
the encoder read the angle θ’As Kα=9.0125
0
, the offset of angle was then ∆θ = θAs Kα- θ
’
As 
Kα = 0.57800. 
Laser-pump x-ray-probe XAS 
The fast photoexcited atomic processes in ChGs from picosec to nanosec scale 
were studied by LX-XAS at beamline 11ID-D of Advanced Photon Source (APS) at 
Argonne National Lab. The samples used in this experiment were As2Se3 glassy films 
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(Eg≈1.9 eV) prepared by thermal evaporation on quartz substrate and the thickness was 
about 500 nm. The measurements were done by Dr. A. Ganjoo and D. Zhao with help 
from Drs. K. Attenkofer and X. Zhang; data analysis and interpretation were done by D. 
Zhao and Dr. H. Jain. 
Figure 3-7 (a) shows the configuration of our experimental set-up. The pump laser 
was used to excite the sample and the X-ray was used to probe the structural changes. X-
ray and laser beam spots overlaped on the specimen, and the size of X-ray spot was 
smaller than the laser spot. A pulsed laser with a repetition rate of 1 kHz was used as the 
pump source, operating at the wavelength of 527 nm (E ≈ 2.35 eV) with 1 mJ/pulse 
(before filter) and 5-ps FWHM for each pulse. The X-ray fluorescence from the sample 
was collected by a solid state detector. Since the laser penetration depth was very shallow 
due to the strong absorption (~10
5
 cm
-1
) of sample at 527 nm, the X-ray incidented the 
sample at a gazing angle of about 3
0
 in order to enhance the surface sensitivity of 
measurements. To exclude the laser heating effect, the pump laser was set to a very low 
power level by using filter and expanding the laser beam. Specifically, the average laser 
intensity of ~81.4 mW/cm
2
 (       .  1.     )), i.e. each laser pulse ~80 µJ/cm2, 
was used in the present experiment. Illumination at such a low intensity level had a fairly 
small effect on the temperature increase (< 5 K) in the sample.  
The APS storage ring was configured with a fill pattern of 24-bunch mode, 
producing pulsed X-rays with the same mode, which enabled the timing for LX-XAS 
measurements. The timing scheme between laser and X-ray pulses is shown in Figure 3-7 
(b). Specifically, one X-ray pulse train with 272-kHz repetition rate had a duration of 
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3.68 µs consisting of 24 bunches of X-ray pulse, and each pulse was ~80 ps long at 
FWHM and the separation between two successive bunches was about 153 ns. Since the 
duration of laser pulse was much shorter than X-ray pulse, the time resolution of this 
experiment was primarily determined by the FWHM of one X-ray pulse, i.e.~80 ps. One 
X-ray pulse within the 24 bunches in a train was picked and synchrotronized with the 
laser pulse. This X-ray bunch was used to probe the excited state of sample. The bunch 
with the same sequence number in the train but at the 40
th
 train (or ~147.2 µs) after the 
laser pulse was also picked to provide the ground-state structure. The bunch at ground 
state and the bunch at excited state were labeled as “PR” (prior to laser pulse) and “SYN” 
(synchrotronized), respectively. The delay time between laser pulse and “SYN” bunch 
was adjusted to probe the structure at different times during the decaying process. 
Meanwhile, the detector was able to collect the signals from each of the 24 bunches 
within the train synchrotronized with laser pulse. All the X-ray pulses with the same 
bunch number were then summed to give better counting statistics. In addition, the total 
X-ray signals of all the pulses and bunches were also collected as that in the conventional 
XAS experiment. The sample was fully photodarkened before the measurements to 
exclude any permanent and metastable structural changes. For each delay time, the 
illumination spots were changed after every 4~5 EXAFS scans, and data were collected 
on ~7~8 spots and ~30 scans in total. 
3.3. Electron diffraction 
Unlike x-ray or neutron diffraction for which the data analysis procedure is well-
established and highly automated, electron diffraction requires high level of user input. 
Since the analysis is complicated, this section will introduce the theoretical background, 
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the experimental details and analysis procedures for obtaining the RDF from electron 
diffraction. 
3.3.1. Theory of scattering in materials 
For the particles or photons scattering process in materials, Bragg diffraction law 
is applicable in the case of crystalline materials but not for amorphous materials in which 
the atoms are randomly arranged and thus no lattice planes can be defined. Debye [6] first 
established the theoretical work of scattering in amorphous materials. The scattering in 
material is often described as a function of scattering vector which represents the spatial 
distribution of scattering. The scattering vector   is defined as               , where       and 
       (sI=sD=1/λ) are the wave vectors of incident and scattered beams respectively, and the 
magnitude of scattering vector, i.e. scattering modulus, is given as            , where 
  is half of the angle between incident and scattered beams. 
For any material, the scattering intensity I(s) (in electron units) can be expressed 
as 
            
                            
  , where                            (3.7) 
where f is the electron scattering factor which itself is a function of scattering modulus, 
and        (     ) is the position of atom m (n). The exponential part in the above equation 
describes the phase shift of the scattering. In the case of a material with random 
orientation, such as gas, liquid, and amorphous solid,           takes all directions due to the 
random orientations of atoms, then the angle υ between           and   ranges from 0 to π, and 
therefore the average of the exponential term becomes 
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  (3.8) 
Then equation (3.7) becomes 
           
           
      
        (3.9) 
This expression is called as the Debye scattering equation which describes the diffraction 
in disorder materials. 
If the material contains more than one kind of atoms, the scattering equation can 
be written as  
          
 
 
                      
        
 
   
    
 
              
        
 
                    (3.10) 
where j represents the atom kind, and ρj is the average density of type j atoms. The third 
term in equation (3.10) is related to the small-angle scattering and can be neglected [7]: 
           
 
                       
        
 
           (3.11) 
Due to the random orientation of the atomic arrangement in amorphous material, the 
exponential part can be treated as in equation (3.8): 
                                               
 
 
    (3.12) 
where      
     
 
 
 
. 
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, then 
                                   
           
 
 
 
     (3.13) 
Since Ni/N=ρi/ρ0, where ρ   ρ  , the second term in the integral can be simplified as 
                                
     (3.14) 
Finally, the scattering equation in amorphous material with more than one kind of atoms 
can be written as 
                              
           
 
 
 
       (3.15) 
Similarly, i(s) can be written as 
     
     
 
     
    
       (3.16) 
G(r) can be then obtained by Fourier transform: 
                                     
 
 
    (3.17) 
and 
                                                             
 
 
 (3.18) 
3.3.2. Procedures to obtain the G(r) from electron diffraction 
In this section, the procedure of obtaining reduced RDF from electron diffraction 
will be described in detail by taking the example of Au polycrystalline film, since its 
diffraction pattern consists of sharp lines and possesses definite features. The same 
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procedure established in this section will be used to investigate the atomic structure of 
amorphous chalcogenide film, specifically As2S3 film, and the results will be presented in 
Chapter 5. 
The electron diffraction patterns were recorded on TEM 420 with a nominal 
camera length 291 mm and at accelerating voltage of 100 kV or 120 kV. Polycrystalline 
Au film and amorphous As2S3 film with thickness ~20 nm were prepared by thermally 
evaporating Au foil and As2S3 glass bulk onto holly carbon grids, respectively. The 
camera constant was calibrated with Au polycrystalline film for which the lattice 
parameters are known.  
 Conversion of R-coordinate to scattering modulus 
SAED (Selected Area Electron Diffraction) of polycrystalline Au film was taken 
at accelerating voltage 120 kV and with camera length 291 mm. The intensity profile line 
through the center of direct beam spot was drawn on the diffraction pattern by using 
Gatan Digital Micrograph software. The coordinate of the center of the direct beam spot 
was determined in the manner that it should be equidistant to the two diffraction peaks of 
the same d-spacing, and then is set as the origin of the R-coordinate. 
The R-coordinate of the intensity profile must be further converted into scattering 
modulus. Since the scattering at all directions has the same probability in materials of 
random orientation (polycrystalline and amorphous), the scattering modulus instead of its 
vector is used to describe the spatial distribution of electron scattering. The scattering 
modulus can be deduced according to the diffraction in the crystal. Since we know 
s=2sinθ/λ, Rd=λL which is the camera constant relation, and the Bragg diffraction 
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condition nλ=2dsinθ (we will only consider n=1), the scattering modulus can be 
expressed as s=2sinθ/λ=R/(λL). Therefore, to obtain the scattering modulus, two 
parameters are required, camera constant (λL) and the radii of diffraction rings. The 
camera constant can be obtained from a known material, e.g. Au. After converting the R-
coordinate to scattering modulus, the diffraction intensity profile was then converted to a 
plot of diffraction intensity vs. scattering modulus, as shown in Figure 3-8. The lattice 
planes corresponding to the diffractions are also labeled. 
 Electron scattering factors f and its interpolation 
Data of electron scattering factors was adopted from Doyle and Turner’s paper [8], 
and are plotted as a function of scattering modulus in Figure 3-9. Note that the original 
data of scattering factors from Doyle and Turner were given as a function of sinθ/λ. Since 
it is just a matter of convention to use sinθ/λ or 2sinθ/λ and the scattering factor will not 
be changed if the term sinθ/λ is the same, the conversion was done simply by multiplying 
the sinθ/λ in Doyle and Turner’s data by 2, while the scattering factors remained the same. 
To obtain the scattering factor at each point of scattering modulus of the 
diffraction intensity profile as shown in Figure 3-9, the scattering factor data with the 
same data interval as the diffraction intensity profile have to be interpolated and the 
interpolated curve has to be truncated to the same range of the experimentally obtained 
scattering modulus in the profile. The truncated interpolation curve of Au scattering 
factor is shown in Figure 3-9. 
Determination of     
The      for a material with one kind of atom is given as 
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      (3.19) 
Since           , the remaining problem is to determine the parameter N which actually 
represents the number of atoms with which the electron beam interacts. However, it is 
difficult to evaluate the number of atoms interacting with the electron beam; instead, the 
N is estimated in the manner of matching the diffraction intensity and the f
2
 at high-angle 
diffraction. In this case, the matching was done at the end of the data, and the plots of 
I’(s)/N (N=80) and f2 for Au film are shown in Figure 3-10. The υ(s) (s*i(s)) was then 
obtained and its plot is shown in Figure 3-11. 
Determination of G(r) 
The reduced density function G(r) can be obtained as the Fourier transform of υ(s) 
which was done in Athena software, however, the scattering modulus s=2sinθ/λ must be 
rescaled to s’=2π sinθ/λ since Athena’s Fourier transform has the following format 
                      
 
 
     (3.20) 
This rescaling can be done simply by multiplying the scattering modulus s by π. A 
Kaiser-Bessel window function was used for the data truncation in Fourier transform. G(r) 
is then the imaginary part of the Fourier transformed υ(s) with a constant of minus sign. 
The G(r) of Au film obtained by Fourier transform of υ(s) is shown in Figure 3-12. 
The peaks in G(r) correspond to the atoms at the coordination spheres. The atomic 
distance of peaks is listed in Table 3-1. The crystal structure of Au is shown in Figure 
3-13, and the atomic distances at different coordination spheres are also listed in Table 
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3-1. The atomic distances obtained from the G(r) match the theoretical values very well, 
indicating that reliable atomic distances can be obtained with this method. Note that the 
peak F in G(r) shows a negative sign but has a very good match with the F neighbors in 
theoretical calculation, which may be due to the improper background subtraction from 
the diffraction intensity profile. Clearly, the parameter N mentioned in the previous part 
must be chosen more carefully. Therefore, the coordination number will not be discussed, 
since it may be improper due to the background removal. 
3.4. X-ray photoelectron spectroscopy 
XPS is a surface chemical analysis technique with ~65% of the signal originating 
from the outermost ~30Å of the sample surface. XPS measures the count of 
photoelectrons as a function of their kinetic energy. In a survey spectrum, the peak 
positions indicate the elements present in the sample, and the area of each peak, taking 
into account the appropriate sensitive factor, represents the concentration of the element. 
In a core-level spectrum, several component peaks may be found by fitting for each 
element. The positions of the component peaks represent the different chemical 
environments of the element of interest, while the area gives the concentration of the 
element associated with this environment.  
The samples used for XPS measurements were chalcogenide glass thin films 
deposited on the (100) surface of silicon crystal wafer to reduce the charging effect of 
photoelectrons. XPS measurements were performed on Scienta ESCA-300 spectrometer 
using monochromatic Al Kα X-rays (1486.6 eV). The energy resolution for this 
spectrometer is about 0.4 eV. The X-ray illumination area was about ~3-4x0.25 mm
2
, 
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while the real detection area was restricted electronically to a region smaller than the X-
ray spot. The angle between the surface and detector was 90
0
, resulting in ~10 nm depth 
of analysis. The spectrometer was operated in a mode that yielded a Fermi-level width of 
0.4 eV for Ag metal. The energy calibration was performed by using the Fermi level of 
pure Ag. An energy increment of 0.05 eV was used for recording the core level spectra, 
which were recorded by sweeping the retarding field and using the constant pass energy 
of 150 eV. The surface charging from photoelectron emission was neutralized using a 
low-energy (<10 eV) electron flood gun.  
The XPS data analysis was conducted with CasaXPS software package. All the 
core level spectra were subtracted with a Shirley background and the peaks were assumed 
to have Voigt line shape. Each core-level spectrum was fitted to a number of components 
representing chemical environments of the element of interest. Each component consisted 
of a doublet representing the spin orbit splitting of p or d electron levels. Only the 
components that significantly improved the goodness of fit were considered. The peak 
FWHM values were assumed the same for the two peaks within one doublet, but allowed 
to be different for independent doublets of the same core-level spectrum. For the analysis 
of As 3d and S 2p core-level spectra, the same mix of the Gaussian (70%) and Lorentzian 
(30%) parts of the Voigt function was chosen for all doublets of a given core level. Our 
fitting shows that the asymmetry values for all the peaks were close to zero. With these 
constraints, the uncertainty in peak position and area of each component was  0.05 eV 
and  2%, respectively.  
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3.5. Dynamic in situ optical transmission spectroscopy 
Dynamic in situ optical transmission spectroscopy was used for studying the 
photoinduced changes and kinetics of optical properties of chalcogenide glassy film 
while it was being under laser irradiation. There are two optical paths: probe beam path 
and pump beam path, as shown in Figure 3-14. 
The laser source was chosen to have photon energy close to the band gap of the 
tested material. The arsenic and germanium sulfides thin films were illuminated at room 
temperature with Argon ion laser at the wavelength 488 nm, with the power of 4-45 mW. 
GeSe2 was irradiated by a solid state diode pumped laser at the wavelength 532 nm. 
As2Se3 and Se were irradiated by a diode laser at the wavelength of 660 nm. A fiber optic 
spectrometer (Ocean S2000) capable of collecting each spectrum in a minimum time of 2 
ms was used to acquire the optical transmission spectra, realizing real-time observation of 
the photoinduced changes. The laser spot (~1 cm in diameter) on the sample was 
expanded to be much larger than the size of the probe light (~0.2 cm in diameter) emitted 
from the tungsten halogen light source in the spectrometer, to ensure that the laser spot 
completely overlapped the probe light spot. The probe light had such a low intensity that 
no change occurred for the sample even after long-time illumination by the probe light. In 
other words, the photoinduced changes in this experiment completely arose from the laser 
irradiation rather than the probe light. We also used six wavelength channels to 
simultaneously track the changes of optical transmission at six different wavelengths 
within the absorption edge of the films. 
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Some characteristics of thin films, such as optical absorption, band gap energy, 
refractive index, and thickness, can be extracted from the optical transmission spectrum, 
as will be described in Chapter 4. To obtain accurate thin film characteristic parameters, 
the spectral resolution is important, since we need to accurately determine the maxima 
and minima of the interference fringes and their wavelength. Ocean S2000 spectrometer 
has a grating of 600 lines/mm, and spectral range of 650 nm from 350 to 1000 nm. 
Optical fiber with the diameter of 400 µm is used to collect the transmitted light. An 
entrance aperture with the width of 10 µm (corresponding to 3.4 pixels of the CCD 
detector) is placed in front of the grating. CCD detector with 2048 pixels was used for 
collecting the signal. The spectral resolution is represented by full width of half 
maximum (FWHM) given as: FWHM=Spectral range *3.2 pixels / 2048. Thus we 
obtained the spectral resolution for our spectrometer as about 1.02 nm. 
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Table 3-1: The atomic distances (Å) in Au crystal obtained from the published crystal 
structure and electron diffraction. 
Atomic 
neighbors 
A B C D E F G H 
Crystal 2.88 4.08 4.99 5.77 6.45 7.06 7.63 8.65 
Electron 
Diffraction 
2.88 3.99 4.94 5.77 6.45 
7.06 
(negative) 
7.61 8.68 
 
 
Table 3-2: The angle (2θ) between two incident pump laser beams and the corresponding 
grating spacing (Λ) formed in the transient grating measurements. 
2θ 1.2° 2.37° 3.77° 7.6° 18.6° 28.2° 46.4° 
Λ (μm) 25.4 12.9 8.1 4.0 1.6 1.1 0.7 
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Figure 3-1: A typical x-ray absorption spectrum. This spectrum shows the x-ray 
absorption at the energy region around the As K edge in As2S3 glass film. 
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Figure 3-2: Schematics of (a) x-ray interacting with materials, (b) photoelectronic process, 
(c) x-ray fluorescence process, and (d) Auger electron emission process. 
(a) 
(b) (c) (d) 
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Figure 3-3: Illustration of synchrotron facility: (1) electron gun, (2) linac, (3) booster ring, 
(4) electron storage ring, (5) beamline. 
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Figure 3-4: Comparison of the brilliance of synchrotron irradiation at different 
synchrotron sources. 
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Figure 3-5: The experimental set-up for EXAFS equipped with different motors which enable switching mode between normal 
EXAFS and quick EXAFS. 
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Figure 3-6: (a) The time evolution of X-ray incident intensity I0, fluoresecne intensity If, 
and Bragg angle; (b) up- and down-scans. 
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Figure 3-7: (a) The configuration of the experimental set up of laser-pupmped / X-ray-probed EXAFS and (b) the timing scheme of 
laser and X-ray pulses. 
 110 
0.0 0.3 0.6 0.9 1.2 1.5
0
3
6
9
12
15
420331
222
311
111
200
 
 
D
if
fr
a
c
ti
o
n
 I
n
te
n
s
it
y
 
(x
1
0
0
0
, 
a
rb
. 
u
n
it
)
2Sin()/ (Å
-1
)
220
 
Figure 3-8: The electron diffraction intensity profile for Au polycrystalline film. 
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Figure 3-9: The square of electron scattering factors of Au atom from Doyle and Turner’s 
tabulated data and its interpolation truncated on the experimental range. 
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Figure 3-10: The electron diffraction intensity curve I/N of Au film and the independent 
scattering intensity f
2
. 
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Figure 3-11: The plot of υ(s) as a function of s for Au polycrystalline film. 
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Figure 3-12: The G(r) of Au polycrystalline film obtained by Fourier transforming s*i(s). 
 
 
Figure 3-13: The crystal structure of Au and some nearest neighbors from reference atom 
[1]. 
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Figure 3-14: The experimental setup for the dynamic in situ optical transmission spectroscopy measurement. 
 114 
 
                                                 
1
 A Ganjoo, A Regmi, I Biaggio, D Zhao, and H Jain, to be published. 
2
 P A M Dirac, The quantum theory of the emission and absorption of radiation, Proc. R. 
Soc. London, Ser. A, 114, 243 (1927). 
3
 D C Koningsberger and R Prins, X-ray absorption: principles, applications, techniques 
of EXAFS, SEXAFS and XANES, Wiley, New York, 1987. 
4
 F W Lytle, R B Greegor, D R Sandstrom, E C Marques, J Wong, C L Spiro, G P 
Huffman and F E Huggins, Measurement of soft X-ray absorption spectra with a 
fluorescent ion chamber detector, Nucl. Inst. Meth. A, 226, 542 (1984). 
5
 L Incoccia and S Mobilio, in EXAFS and Near Edge Structure, Eds. A Bianconi, L 
Incoccia, and S Stipcich, Springer-Verlag, Berlin, p. 87, 1983. 
6
 P Debye, Zerstreuung von Röntgenstrahlen (Scattering from non-crystalline substances), 
Ann.Phys., 46, 809(1915). 
7
 B E Warren, X-ray diffraction, Addison-Wesley, 1969. 
8
 P A Doyle and P S Turner, Relativistic Hartree-Fock x-ray and electron scattering 
factors. Acta Cryst. A, 24, 390 (1968). 
 
 115 
Chapter 4: Optical properties and photosensitivity of 
chalcogenide glassy films 
When chalcogenide glass is irradiated by light with the energy around its optical 
band gap, its optical properties, such as absorption coefficient (α), band gap energy (Eg), 
and refractive index (n), are altered temporarily, metastably, or permanently. If polarized 
light is applied, optical anisotropy is induced in the originally isotropic glass. It is 
commonly observed that the optical absorption edge shifts due to the light irradiation. 
When shifting to lower energy, the absorption coefficient over the wavelength region of 
the absorption edge increases and thus the material becomes darker, which is known as 
photodarkening; contrarily, if the edge shifts to higher energy, it is called photobleaching. 
Photodarkening or photobleaching, depending on the material’s composition, is the most 
observed photoinduced optical change for chalcogenide glass bulks and films. 
In this chapter, the optical transmission spectra of thin films are studied, from 
which the characteristic parameters, such as d (thickness), n, α and Eg, are extracted 
according to Swanepoel’s model. The optical characteristics and their light-induced 
changes are discussed for both arsenic and germanium chalcogenide (including sulfide 
and selenide) glassy films. Stoichiometric and nonstoichiometric compositions were 
measured to study the compositional dependence of photoinduced optical changes. The 
discussion of the mechanisms for photoinduced optical changes is postponed until after 
more structural data are presented in the following chapters. 
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4.1. Theoretical model for calculating the optical characteristics of thin films 
Swanepoel [1] discussed how to determine the optical parameters of thin films by 
using the optical transmission spectrum alone. A typical transmission spectrum of thin 
film is shown in Figure 4-1. Fringes at the transparent region of the spectrum arise from 
the interference effects due to multiple reflections occurring at the three interfaces 
between surrounding medium (air) and film, film and substrate, substrate and 
surrounding medium (air). These fringes can be used to extract some characteristic 
parameters of thin film. According to Swanepoel, the optical transmission spectrum is 
roughly divided into (1) transparent, (2) weakly absorbed, (3) medially absorbed, and (4) 
strongly absorbed regions. No specific criterion for the division was suggested by 
Swanepoel.  
The transparent region represents the wavelength region over which no optical 
absorption occurs. In this region, the refractive index can be calculated given two 
parameters, Tm, the transmittance at the valley (minima) of fringes, and ns, the refractive 
index of substrate, by the following expression: 
   2/12/122 snMMn  , where 
2
12 2 
 s
m
s n
T
n
M    (4.1) 
Refractive index can be then obtained for the wavelengths at which the transmittance 
reaches the minimum value at the fringes. The refractive index dispersion relationship 
can be then obtained by interpolating and extrapolating refractive index into other 
wavelength regions with Cauchy’s equation: 
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where Ai are the coefficients determined from polynomial fit of n values, and Z = 0, 
1,...N. 
Given the refractive index and wavelengths at the minima of fringes, the thickness 
of thin film can be determined by the following expression:  
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where n1 and n2 are the refractive index at the minima of fringes at 1 and 2. 
Absorption coefficient  can be calculated from three parameters, n0 and ns, the 
refractive indexes of surrounding medium (air) and substrate, and the transmittance T, by 
the following expressions: 
1 2(1 )(1 )1 ln
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where r1 and r2 are the reflections at the interfaces between air and thin film, and thin film 
and substrate: 
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As for bulk glasses, r1 = r2, therefore, equation (4.4) becomes   
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Optical band gap Eg can be calculated by applying Tauc equation [2] to the high 
absorption region ( > 104 cm-1): 
(h)1/2 = B1/2(h-Eg)     (4.9) 
The plot of (αhν)1/2 ~ hν in the high absorption region is fitted with the above equation, 
the fitted line is then extrapolated and the intercept at (αhν)1/2 = 0 is adopted as Eg. 
4.2. Optical properties of chalcogenide glassy films 
According to the model discussed above, the absorption coefficients for arsenic 
sulfide films As30S70, As40S60 and As45S55 are calculated and plotted as a function of 
photon energy, as shown in Figure 4-2. It is clear that the absorption edge at high 
absorption region shifts to lower energy as the concentration of arsenic increases. Similar 
compositional dependence of absorption edge is found for germanium sulfide films as 
well. The optical band gap energy is directly correlated with the location of the 
absorption edge and can be obtained by using the Tauc equation (equation (4.9)). The Eg 
increases monotonically as sulfur concentration increases.  This observation is different 
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from those of others [3],
 
[4] who found that the energy gap reaches the minimum for 
stoichiometric arsenic sulfide. Similar to our results, Street et al. [5] also found that the Eg 
decreases as the arsenic concentration increases and no minimum appears at the 
stoichiometric composition.  Shaaban et al. [6] found out that the optical band gap for the 
sulfur-rich film (As35S65) is larger than for the stoichiometric film. Therefore, all 
observations are in agreement with higher Eg for sulfur-rich film than stoichiometric film. 
The optical gap is highly related with the strength of bonds involved in the materials [7]. 
The strengths of the chemical bonds present in arsenic sulfide glasses are EAs-As=200 
kJ/mol, EAs-S= 260 kJ/mol, ES-S=280 kJ/mol [8, p.108]. The trend of chemical bond 
strength, ES-S> EAs-S> EAs-As, is consistent with our observation for the compositional 
dependence of absorption edge shift. The same trend of chemical bond strength occurs in 
germanium sulfides, since EGe-Ge=185 kJ/mol, EGe-S=265 kJ/mol [8, p.108], and thus ES-
S> EGe-S> EGe-Ge. Special attention should be given when comparing the compositions of 
similar optical band gap, since the calculated absorption coefficient is highly sensitive to 
the accuracy of determination of n and d, and the determination of Eg is also more or less 
sensitive to the region chosen for regression fitting by using the method of Tauc plot.  
4.3. Photodarkening in arsenic chalcogenide glassy films 
There are three types of photoinduced optical changes in chalcogenide glasses in 
terms of reversibility: (1) permanent change, which cannot be recovered unless the 
sample is remade by following the same condition as that for making the original sample; 
(2) metastable change, which can be recovered by annealing the irradiated sample at ~Tg; 
(3) transient change, which is temporal and reversed simply by eliminating laser 
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irradiation, however, the recovery may not be immediate.  A general picture of 
photodarkening process in arsenic chalcogenide glasses is shown in Figure 4-3 where the 
transmittance at the wavelength 480 nm (α~5000 cm-1) was tracked in the measurement. 
Switching on the laser, the transmittance decreases from ~28% to a minimum value 
(photosaturated) of ~12% after irradiation of ~3000 seconds. This change is the total 
effect of laser irradiation, including all the permanent, metastable and transient changes. 
When eliminating laser irradiation from the photosaturated sample, the transmittance 
increases slightly about 1%, which is the relaxation of transient photodarkening. 
Switching on laser again, the transmittance decreases and returns to the value of 
photosaturated state, which represents the transient photodarkening. It should be noted 
that the magnitude of transient photodarkening depends on the polarization and intensity 
of excitation laser, which will be discussed later. 
For the convenience of discussion, we divide the photoinduced optical changes in 
arsenic chalcogenide glasses into three stages: “AP”, representing as-prepared sample 
state; “ON”, representing the photosaturated state during laser irradiation; “OFF”, 
representing the completely relaxed state after switching off laser. The difference 
between “ON” and “AP” states (ON-AP) gives the total change of laser irradiation, 
including permanent, metastable and transient changes; the difference between “OFF” 
and “AP” states (OFF-AP) represents only metastable and permanent changes; the 
difference between “ON” and “OFF” (ON-OFF) carries only the information of transient 
change. Since Tauc plot does not provide Eg with sufficient accuracy to resolve the 
difference between laser ON and OFF states, in the following discussion, the absorption 
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edge shifting instead of Eg is adopted for quantitatively measuring the magnitude of 
photodarkening. 
Figure 4-4 show the absorption coefficient at high absorption region for AsxS1-x 
glassy films at three stages: AP, ON, and OFF. Figure 4-4 (a) shows the photoinduced 
change of optical absorption edge when a-As2S3 is irradiated by Argon laser (488 nm) 
with laser power density of ~ 20 mW/cm
2
 . The absorption edge of a-As2S3 shifts towards 
lower energy significantly during laser irradiation, and the total change of α, ∆αON-AP, is 
about 1*10
4
~1.6*10
4
 cm
-1, and the edge shifting ∆EON-AP is about ~-0.10~-0.13 eV, 
depending on the photon energy at which the absorption coefficient is measured. After 
turning off the laser, the absorption edge moves to the direction of higher energy.  The 
change of α between ON and OFF states, i.e. the transient photodarkening (∆αON-OFF), is 
about 2000~8000 cm
-1, and the edge shifting ∆EON-OFF is about ~-0.02~-0.07 eV. 
Therefore, the gross change of α after switching off laser, i.e. the sum of permanent and 
metastable changes (∆αOFF-AP), is about 8000 cm
-1
, while the edge shifting is about -0.07 
eV. 
In addition to the increase of absorption coefficient and edge shifting after laser 
irradiation, the refractive index of As2S3 increases as well. Figure 4-4 (b) shows the plots 
of the refractive index as a function of wavelength. The refractive index increases about 
0.10~0.11 after laser irradiation, for example, at the wavelength 800 nm, n increases from 
2.398 for the as-prepared film to 2.505 for the photodarkened film (ON or OFF). In 
contrast to the transient change of absorption coefficient and edge shifting, the refractive 
 122 
index shows little change between laser ON and OFF states, in other words, negligible 
transient change of refractive index is found.  
Oxygen doped chalcogenide glass is also examined for the effect of oxide doping 
on the photosensitivity. However, it is found that the small amount of Sb2O3 doping 
(98As2S3-2Sb2O3) does not change the photosensitivity of a-As2S3, as shown in Figure 
4-4 (c, d). The gross change of absorption in 98As2S3-2Sb2O3, ∆αOFF-AP, is about 4000 
~8000 cm
-1, the edge shifting ∆EOFF-AP is about -0.05~-0.08 eV, and the change of 
refractive index is about 0.13. Therefore, the photoinduced change in 98As2S3-2Sb2O3 is 
very similar to that of a-As2S3. 
The photoinduced changes in As45S55 (irradiated by 488 nm laser with power of 
20 mW/cm
2
), as shown in Figure 4-4 (e,f), are very similar to that in As2S3: ∆αON-AP is 
about 1.1*10
4
~1.6*10
4
 cm
-1, ∆αON-OFF is about 3000~5000 cm
-1
, and thus the gross 
change ∆αOFF-AP is about 0.8*10
4
~1.1*10
4
 cm
-1
. The refractive index increases about 
0.11~0.12 after irradiation, and there is no change between laser ON and OFF states. 
Similar change is also found in a-As2Se3 which is irradiated by diode laser of 660 
nm with power density of ~70 mW/cm
2
, as shown in Figure 4-4 (g, h). The gross 
magnitude of photodarkening, ∆αOFF-AP, is about 1.0*10
4
~1.3*10
4
 cm
-1
, while the 
transient photodarkening, ∆αON-OFF, is very small, about 1000 cm
-1
. The gross edge 
shifting, ∆EOFF-AP, is about -0.06 eV, while the edge shifting for the transient change, 
∆EOFF-ON, is < 0.01 eV. The increase of refractive index after irradiation, ∆nOFF-AP, is 
about 0.1. 
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In contrast to the significant photoinduced changes in As2S3 and As45S55, As30S70 
shows only very slight photodarkening. Figure 4-4 (i, j) show the photoinduced change of 
As30S70 which was irradiated by 488 nm laser with power density 20 mW/cm
2
. The total 
change of absorption, ∆αON-AP, is about 0.4*10
4
~1.0*10
4
 cm
-1
, and the edge shifting is 
about 0.03~0.07 eV; upon switching off the laser, the absorption edge mostly shifts back, 
∆αON-OFF is about 3000~8000 cm
-1
, and the edge shifting is about 0.03~0.05 eV. The 
gross change of photoinduced absorption, ∆αOFF-AP, is about 1000~2000 cm
-1
, and the 
edge shifting is about 0.01~0.03 eV, about 1/10~1/5 of the magnitude of photodarkening 
in As40S60, As45S55 and As40Se60. The refractive index increases by about 0.02~0.03 at the 
photosaturated state during irradiation, while there is almost no gross photoinduced 
change after turning off the laser at most of the wavelength region. Our present result of 
photoinduced change of As30S70 is consistent with Zakery et al. [9] who reported that 
As30S70 has only negligible photodarkening. 
Based on the results of photoinduced changes of arsenic chalcogenides, it can be 
concluded that the increasing concentration of chalcogen does not favor the 
photosensitivity of chalcogenide glasses. The photoinduced effect in elementary 
chalcogen, specifically a-Se which was irradiated at room temperature by diode laser of 
660 nm with power density of ~70 mW/cm
2
, was examined as well. The change of 
absorption and refractive index is negligible, as shown in Figure 4-4 (k, l). 
In summary, photodarkening is commonly observed in arsenic chalcogenide glass 
thin films. In particular, metastable and permanent photodarkening is significant for the 
stoichiometric and arsenic-rich chalcogenides, but becomes negligible for the chalcogen-
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rich arsenide and elementary chalcogen, while transient photodarkening is a universal 
phenomenon for all chalcogenides. The refractive index of the stoichiometric and arsenic-
rich chalcogenides increases considerably (~0.1) after irradiation. However, no gross 
change of refractive index is found for the chalcogen-rich film and elementary chalcogen. 
No or very slight transient change of refractive index is found. Small amount of oxide (2 
mol %) doping into chalcogenide glass does not affect the photosensitivity. 
4.4. Photobleaching in germanium chalcogenide glassy films 
Figure 4-5 (a, b) show the photoinduced change of Ge28S72 when irradiated with 
488 nm laser of 20 mW/cm
2
  power. Significant photobleaching is observed in a-Ge28S72. 
After switching on laser for several hours, the absorption coefficient decreases 
significantly, the total change of absorption ∆αON-AP is about -0.8*10
4
~-1.0*10
4
 cm
-1
 and 
the edge shifting ∆EON-AP is about 0.12~0.15 eV; after turning off the laser, the edge 
continues shifting to higher energy, which corresponds to the transient photodarkening 
with the magnitude of ∆αON-OFF about 1000~3000 cm
-1
 and the edge shifting ∆EON-OFF 
about -0.03~-0.05 eV. The gross change of absorption, ∆αOFF-AP, is about -1.1*10
4
~-
1.2*10
4
 cm
-1, and the edge shifting ∆EOFF-AP is about 0.17 eV. 
In contrast to the photoinduced change of refractive index in arsenic chalcogenide 
glassy films, the refractive index of a-Ge28S72 decreases after laser irradiation, and the 
change ∆nON-AP is about -0.02. The change of refractive index after switching off the laser 
is not consistent for all the wavelengths; however, an overall gross decrease of refractive 
index induced by laser irradiation can be still well discerned. 
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The photoinduced change of a-Ge33S67 (GeS2) is similar to that of a-Ge28S72, 
while the transient photodarkening is negligible over most of the wavelength (or photon 
energy) region, as shown in Figure 4-5 (c, d). The gross change of absorption, ∆αOFF-AP, 
is about -4000~-5000 cm
-1, while the edge shifting, ∆EOFF-AP, is about 0.06~0.07 eV. The 
refractive index decreases after irradiation, while there is no difference found between 
ON and OFF states. The gross change of refractive index, ∆nOFF-AP, is about -0.01~ -0.02. 
Significant photobleaching is also found in a-Ge33Se67 (GeSe2) which was 
irradiated by Argon laser of 488 nm (or 532 nm laser), as shown in Figure 4-5 (e, f). The 
total change of absorption, ∆αON-AP, is -4000~-7000 cm
-1,while the edge shifting ∆EON-AP 
is about 0.04 eV; the transient change of absorption, ∆αON-OFF, is about 2000~4000 cm
-1
, 
and the corresponding edge shifting, ∆EON-OFF, is about -0.02~-0.04 eV; therefore, the 
gross change of absorption, ∆αOFF-AP, is about -6000~-1.1*10
4
 cm
-1
, and the edge shifting,  
∆EOFF-AP, is about 0.06~0.08 eV. The refractive index decreases after irradiation, and the 
gross change of refractive index, ∆nOFF-AP, is about -0.06, while the transient change of 
refractive index is not consistent over the observed wavelength region. 
In contrast to the significant photobleaching observed in Ge28S72, Ge33S67 and 
Ge33Se67, there is almost no change of absorption found in a-Ge40S60, as shown in Figure 
4-5 (g, h). However, the decrease of refractive index after laser irradiation is apparent. 
The total change of refractive index, ∆nON-AP, is about -0.02~-0.09; ∆nON-OFF is about 
0.01~0.02; the gross change ∆nOFF-AP is about -0.03~-0.10. 
In summary, photobleaching is found for the chalcogen-rich (Ge28S72) and 
stoichiometric (Ge33S67 and Ge33Se67) compositions, while almost no change of 
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absorption is found for the germanium-rich (Ge40S60) composition. The refractive index 
decreases after laser irradiation for all the tested samples of germanium chalcogenide 
glassy films. The compositional dependence of photoinduced optical changes in 
germanium chalcogenide glassy films is different from that in arsenic chalcogenide 
glassy films: the minimum change is found in chalcogen-rich composition in arsenic 
chalcogenides but chalcogen-deficient composition in germanium chalcogenides. For the 
transient change, the absorption coefficient decreases, or the transmittance increases after 
switching off the laser for all the compositions, indicating the presence of transient 
photodarkening which is similar to arsenic chalcogenides. 
4.5. Photoinduced anisotropy 
The transmittance over the wavelength region of high absorption is tracked as a 
function of laser irradiation time. During laser irradiation, the laser polarization is altered 
to examine the polarization dependence of transmittance change, i.e. the photoinduced 
anisotropy (dichroism). Since photoinduced anisotropy has been observed in all the 
measured chalcogenide glasses when laser of different polarizations is applied, only the 
result for a-As2S3 is presented here. 
From the transmission spectra taken for the sample exposed to laser of different 
polarizations (not shown), it is seen that the optical absorption edge slightly shifts to 
shorter wavelength when the polarization direction of excitation laser relative to that of 
probe light is changed from orthogonal (the polarization directions for pump and probe 
light are orthogonal to each other) to parallel one (the polarization directions for pump 
and probe light are parallel to each other). Although the shifting is quite small, it is well 
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resolved and reproducible. The transmittance at the wavelength 480 nm (within the 
region of absorption edge) is tracked during irradiation, as shown in Figure 4-3 and 
Figure 4-6.  
In Figure 4-6, the sample is first completely photodarkened by Argon ion laser 
(488 nm) with polarization orthogonal to that of probe light. After altering the laser 
polarization parallel to that of probe light, the transmittance decreases about 0.5%. The 
switching process of transmittance when altering polarization is relatively fast and 
comparable to the transient photodarkening process. The transmittance change has been 
confirmed and found repeatable in subsequent alternation of laser polarization directions. 
The optical absorption when sample is irradiated by the laser of polarization orthogonal 
to that of probe light is higher than that when sample is exposed to laser with polarization 
parallel to that of probe light, or in short,       . This phenomenon has been observed 
in all the samples we measured, and is in agreement with the literature [10],
 
[11]. 
However, we are not able to determine the difference of the refractive index at different 
polarizations because of the insufficient accuracy of valley value of fringes (Tm), 
namely, we are not able to quantify the photoinduced birefringence. 
Although different transmittance has been observed when laser of different 
polarizations is applied, no metastable photoinduced anisotropy is observed in our 
measurements. As shown in Figure 4-3, when switching off excitation laser, the 
transmittance increases to the same value for both polarizations.  
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4.6. Thermally induced change of optical properties and reversible 
photodarkening 
As2S3 is chosen for the study of thermally induced change of optical properties, 
since its thermal properties are well known. We examined a few spots on the sample, and 
found out that the absorption edge is relatively insensitive to the position chosen for 
measurement; although the fringes shift considerably for one spot to another spot, there is 
no observable change of refractive index. Therefore, the inaccuracy because of the 
thickness variation can be ruled out for the following results. 
Figure 4-7 shows the optical transmission spectra and refractive index for the as-
prepared and vacuum-annealed a-As2S3 thin films. The sample was first annealed in 
vacuum (~5*10
-6
 Torr) at 220
0
C for ~5 hours. The absorption edge shifts to shorter 
wavelength or higher energy after annealing, while the refractive index slightly increases. 
Following the annealing of sample at a higher temperature, 244
0
C, the optical absorption 
edge slightly shifts to shorter wavelength relative to that when sample was annealed at 
220
0
C, and the refractive index increases by about 0.04 relative to that of as-prepared 
sample. Overall, we see an opposite effect of vacuum annealing on the change of optical 
properties to that induced by laser irradiation. 
As shown in Figure 4-8, when annealing in N2 at 200
0
C for 6 hours, the 
absorption edge in the optical transmission spectra shifts to longer wavelength, and the 
refractive index increases, since we see the valley value of interference fringes decreases. 
The effect of annealing in air at Tg is similar to that of annealing in N2, as shown in 
Figure 4-9. We also examined the effect of annealing in air at various temperatures. On 
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annealing at 110
0
C for 40 minutes, the absorption edge shifts to shorter wavelength (or 
higher energy); on annealing at 160
0
C for 40 minutes, the absorption edge shifts to longer 
wavelength (lower energy). Annealing in air and N2 at about Tg has similar effect as laser 
irradiation does, namely, the absorption edge shifts to longer wavelength or lower energy, 
and the refractive index increases. 
Irradiation-annealing cycles are performed on a-As2S3 to confirm the reversibility 
of photodarkening in annealed films (in air or N2). As shown in Figure 4-10, the 
absorption edge for the as-deposited film shifts to longer wavelength (lower energy) 
significantly after irradiation (“ON”). On annealing the irradiated a-As2S3 in air (“AA”), 
the absorption edge shifts to shorter wavelength relative to that after irradiation, but the 
edge is still at longer wavelength than that of as-prepared sample, namely, there exists 
one portion of photodarkening which is irreversible even after annealing. Performing 
irradiation again, the absorption edge returns to the “ON” state as that of “sample stage 
2”; subsequent annealing recovers the absorption edge to the “AA” state as that of 
“sample stage 3”. Therefore, a complete reversible photodarkening is observed for the 
annealed or photodarkened a-As2S3. 
4.7. Summary 
The photoinduced changes of optical properties, such as optical absorption, 
refractive index and optical band gap, were investigated for two different glass systems 
(thin films), i.e. arsenic and germanium chalcogenides with stoichiometric and 
nonstoichiometric compositions. Photodarkening and refractive index increase were 
found in arsenic chalcogenides, while photobleaching and refractive index decrease were 
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found in germanium chalcogenides. The compositional dependence of photoinduced 
changes in the two systems is distinct. Photodarkening is prominent in stoichiometric and 
chalcogen-deficient arsenic chalcogenides, but becomes negligible in chalcogen-rich 
composition and elementary chalcogen. On the contrary, photobleaching is prominent in 
stoichiometric and chalcogen-rich germanium chalcogenides, but disappears for the 
chalcogen-deficient sample. 
Photoinduced effects include transient, metastable, and permanent changes. 
Transient photodarkening is a universal phenomenon for all the chalcogenide glasses. 
However, the transient change of refractive index is not resolved or very small in our 
measurements. Photoinduced anisotropy also universally exists in chalcogenide glasses, 
and      . However, we found that photoinduced anisotropy is a transient but not 
metastable phenomenon.  
Thermally induced changes depend on the annealing environment and 
temperature. Annealing in air and N2 exhibits similar effect, but is distinct from annealing 
in vacuum. Annealing in air (or N2) at the temperature much below Tg shifts the 
absorption edge to higher energy; however, when annealing in air (or N2) at the 
temperature around Tg, the absorption edge shifts to lower energy. In contrast, vacuum 
annealing (even at the temperature above Tg) always shifts the absorption edge to higher 
energy. Metastable (reversible) photodarkening is separated from the permanent part 
when the sample was annealed at around Tg in air (or N2). Overall, heat treatment (in air 
or N2) has equivalent effect with the permanent photodarkening part.  
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Figure 4-1: A typical optical transmission spectrum for chalcogenide glass thin film 
(As2Se3). The straight line at the transmission of ~93% is the transmission spectrum of 
the silica glass substrate. 
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Figure 4-2: The absorption edge of As30S70, As40S60 and As45S55 glassy films, and the 
table show the calculated parameters, viz. thickness d, optical band gap energy Eg, and 
refractive index n (at the wavelength of 633 nm). 
 
 
 
 
*n is the refractive index at the 
wavelength of 633 nm. 
Films d (μm) Eg (eV) *n 
As30S70 1.3 2.46 2.415 
As40S60 1.1 2.36 2.437 
As45S55 1.2 2.34 2.432 
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Figure 4-3: A general picture of photoinduced optical change in arsenic chalcogenide 
glasses. As2S3 is used in the figure as a typical example. The sample is as-deposited thin 
film, and irradiated with argon ion laser (488 nm). 
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Figure 4-4: The photoinduced changes of optical absorption and refractive index in 
arsenic chalcogenide glass thin films. See text for details. 
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Figure 4-5: The photoinduced changes of optical absorption and refractive index in 
germanium chalcogenide glass thin films. See text for details. 
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Figure 4-6: The transmittance change at the wavelength 480 nm when As2S3 is irradiated 
by laser of different polarizations. The a-As2S3 sample was completely photodarkened 
before this measurement. 
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Figure 4-7: The optical transmission spectra and calculated refractive index for the as-
prepared (AP) and vacuum-annealed (AV) As2S3 film measured at positions P1 and P2. 
AV220C and AV244C represent the annealing in vacuum at 220
0
C and 244
0
C, 
respectively. 
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Figure 4-8: The optical transmission spectra for the As2S3 which is as-prepared (AP), 
stored for 6 days (Age6d), and annealed in N2 at 200
0
C (AN200C). The sample was 
measured at positions P1 and P2. 
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Figure 4-9: The optical transmission spectra for the As2S3 which is as-prepared (AP), and 
annealed in air at 110
0
C (AA110C) and at 160
0
C (AA160C). The sample was measured 
at positions P1 and P2. 
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Figure 4-10: The optical transmission spectra for the As2S3 on which irradiation-
annealing cycles were performed. 1_AP: sample stage 1, as-prepared; 2_ON_2hrs: 
sample stage 2, for which the sample was under irradiation in air at room temperature for 
two hours; 3_AA_200C: sample stage 3, for which the sample was annealed in air at 
200
0
C; 4_ON_2hrs: sample stage 4, with the same condition as stage 2; 5_AA_200C: 
sample stage 5, with the same condition as stage 3.  
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Chapter 5: Atomic structure of chalcogenide glass films 
The structure of glasses may refer to the local atomic structure, intermediate 
structure or long-range structure. The atomic arrangement of the short range (<10Å) in 
disordered materials can be probed by EXAFS and scattering experiments. EXAFS can 
selectively measure the atomic structure around one particular type of atom. The radial 
distribution function (RDF) obtained from scattering experiments provides the structural 
information of a few nearest coordination shells around any arbitrary reference atom in 
disordered materials. Unfortunately, there is no experimental method available for 
probing the long range structure of glasses; instead, computer simulations are often 
employed to predict the atomic arrangement for several hundred of atoms under given 
thermodynamic conditions.  
In this chapter, the atomic structure of some representative arsenic and 
germanium chalcogenide glassy films will be presented. Although glass does not possess 
long range order as that in crystal, it often inherits the basic structural feature of its 
crystalline counterpart. In particular, the local atomic structure of crystal, including the 
coordination units, chemical bonds, bond lengths and bond angles, is often more or less 
retained in its corresponding glass form. Therefore, it is instructive to introduce the 
crystal structure of these materials, especially with the stoichiometric compositions, such 
as As2S(Se)3 and GeS(Se)2 as the information of these crystal structure obtained from the 
X-ray diffraction data is more accurately available and definitive.  
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In As2S3, the arsenic atom has the electronic configuration of [Ar]4s
2
3d
10
4p
3
, with 
five valence electrons and three of them forming bonds, while sulfur atom has electronic 
configuration of [Ne]3s
2
3p
4
 with six valence electrons and two of them forming bonds. 
The crystal structure of As2S3 (orpiment) belongs to the space group C2h
5
 – P21/b [1, p.24]. 
Figure 5-1 (a) and (b) show the As2S3 crystal structure as viewed along c and b axes, 
respectively. The local atomic structure is formed of the [AsS3/2] unit with three non-
equivalent As-S bond lengths, 2.2701 Å, 2.2894 Å and 2.2919 Å. Each arsenic atom 
bonds with three sulfur atoms and each sulfur atom bonds with two arsenic atoms. The 
crystal structure of orpiment consists of layers of interconnected [As6S6] rings, as shown 
in Figure 5-1 (b) where the view is along b axis.  
The GeS2 crystal structure belongs to the rhombic system with space group D2h
13
-
Pmmn and with the lattice parameters: a=6.87 Å, b=11.67 Å, c=22.38 Å [1, p.36]. In GeS2, 
each germanium atom connects with four sulfur atoms and each sulfur atom bonds with 
two germanium atoms, as shown in Figure 5-1 (c). The structure of GeS2 is a 3D network 
consisting of [GeS4] tetrahedra. The Ge-S bond length in crystalline GeS2 is between 2.07 
Å and 2.26 Å. 
The atomic structure of chalcogenide glass thin films was measured by EXAFS 
and electron diffraction. This chapter discusses the qualitative and quantitative 
characteristics of the local atomic structure of these materials obtained by EXAFS. In 
addition, the reduced RDF was obtained by electron diffraction, interpreted through 
comparison with the crystal structure, and compared with the FT-EXAFS.  
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5.1. General features of local atomic structure of arsenic sulfide films 
The effect of synchrotron x-rays on the chalcoegnide thin films was examined. 
Figure 5-2 (a) shows the As K edge FT-EXAFS of the first four scans of As2S3 glass film. 
Clearly, there is no change for the FT-EXAFS during XAS scans, which indicates that 
there is no detectable structural change when the samples are under synchrotron x-ray 
radiations. On the other hand, the consistency of the FT-EXAFS for several XAS scans 
demonstrates the excellent statistics and reliability of our data. The effect of synchrotron 
x-rays have been examined for all the samples measured, and no change of structure 
induced by x-ray irradiation is found for any sample. However, we did observe dark X-
ray spots on some of the samples which may be due to the creation of defect centers 
induced by high-flux x-rays, but not detected by EXAFS.  
Figure 5-2 (b) shows the As K edge FT-EXAFS for the As30S70, As40S60, and 
As45S55 thin films. The Fourier transforms of k
2χ(k) were taken over a k range from 2.0 to 
11.538 Å
-1
. Although the S K edge EXAFS for the sulfide samples was also measured, 
the data quality is unacceptable for any meaningful analysis, and thus the EXAFS data 
for S K edge will not be discussed. It should be noted that the FT-EXAFS is not a radial 
distribution function. The radial distance given in the figure is not the real atomic 
distance, since the FT-EXAFS of the experimental data do not include the phase shift 
function. By further fitting the EXAFS data to the crystal standard, the real bond length 
can be obtained.  
The first main peaks are associated with the major bonds in the arsenic sulfide 
thin films, i.e. As-S bonds. The magnitude of the first main peak increases as the 
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concentration of As decreases. It is clearly seen that there is a shoulder on the right of the 
first main peak, and the magnitude of this shoulder decreases as the concentration of As 
decreases. This shoulder is associated with the presence of As-As homopolar bonds in the 
arsenic sulfide films. The structure of chalcoegnide glasses normally obeys the “8-N” 
rule [2]. In the case of arsenic sulfide glasses, each arsenic atom bonds with three other 
atoms, while each sulfur atom bonds with two other atoms. In the arsenic-rich (As 
mol % >0.4) sulfide compositions such as As45S55, there are insufficient sulfur atoms to 
retain the chemical order for the three atoms around each arsenic atom, and naturally the 
As-As homopolar bonds should be present. However, As-As homopolar bonds also 
appear in a stoichiometric composition such as As40S60 which in an ideal condition could 
consist of only As-S heteropolar bonds to retain the chemical order. In fact, no obvious 
concentration of homopolar bonds is detected in the melt-quench bulk As2S3 glass. The 
presence of As-As homopolar bonds indicates the broken chemical order in the thin film 
samples.  
To further verify the presence of homopolar bonds, XPS measurements were 
performed on As2S3 thin film to investigate the chemical bonds associated with arsenic 
and sulfur. Figure 5-3 shows the XPS As 3d and S 2p spectra for As2S3 sample. The As 
3d peak is deconvoluted into two components and each component includes a doublet 
identified by the curves shaded with the same color. For example, the blue shaded regions 
represent the As atoms associated with the AsS3/2 pyramids. The blue shaded peak on the 
left is associated with the As 3d3/2, and the blue shaded peak on the right represents the 
As 3d5/2. As indicated in Figure 5-3, the As atoms have two different bonding 
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environments, viz. the AsS3/2 pyramidal units which dominate the spectrum with a 
relative fraction of 83.2%, and the units containing As-As bonds with a fraction of 16.8%. 
The S 2p spectrum comprises of two components, with each component consisting of a 
doublet for the S 2p3/2 and S 2p1/2 energy states. The sulfur has two chemical bonding 
configurations, viz. AsS3/2 pyramidal units with a fraction of 86.0%, and the units 
containing S-S homopolar bonds with a fraction of 14%. 
Other structural studies also have verified the existence of homopolar bonds in a-
As2S3 film. For example, Raman spectrum of as-deposited As2S3 thin film shows a 
number of sharp features between 100 and 250 cm
-1
 associated with the As-As vibrations 
and a weak feature at ~490 cm
-1
 associated with S-S vibrations [3, 4]. The homopolar 
bonds present in the as-deposited arsenic sulfide films may be traced back to the vapor 
phase during the thermal evaporation of glass bulks. Extensive mass spectroscopy studies 
have been performed on the vapor phase of As2S3 glasses; however, the results are not 
very consistent. Some studies have shown the presence of As, As4, S2, S8, AsS, As4S4, 
As4S5 and other species in the vapor [5]. But others reported the major molecules are 
stoichiometric compositions such as As4S6 [6,
 
7] or As6S9 [8]. Homopolar bonds appear in 
the As2S3 film prepared by the deposition techniques other than thermal evaporation 
method. After dry etching on the As2S3 film prepared by ultra fast pulse laser deposition, 
Choi et al. [9] found rough surface with increased As-As content and decreased S-S 
content comparing with the as-deposited surface performed. The present XPS results 
provide most reliable quatitative information on the various bonding configurations. 
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Given the solid evidence of existence of homopolar bonds in the as-deposited 
As2S3 thin film, a fundamental question arises: in what forms do the homopolar bonds 
exist in the network structure? There are two popular views. One view is that the glass 
structure is a continuous random network with chemical order. The like-atom bonds form 
in this network and act as “wrong” bonds. This regime assumes a network forming 
cluster S2/2As-AsS2/2. Another view is that there exist molecular species of As4S4 which 
are embedded in the network structure. Presence of a small concentration (<2%) of 
homopolar bonds was also suggested in melt-quenched As2S3 bulk glass studied by 
Raman scattering [10, 11]. Georgiev et al. [11] suggested that the homopolar bonds exist 
in the small As4S4 molecules and large S-rich clusters and inferred the intrinsic nanoscale 
phase separation in the stoichiometric melt-quenched As2S3 glass. If this was true, it 
would be more probable that the As-As bonds were present in the form of As4S4 
molecule. At this point, our EXAFS results seem not able to discern which model is more 
appropriate. However, as will be seen in the next chapter, the structure model with As4S4 
molecule fails to explain our results on the photoinduced changes of local atomic 
structure of As2S3. 
5.2. Fitting methodology and self absorption concern 
Qualitative information, such as the chemical bonds involved in the structure, has 
been obtained from the FT-EXAFS, as described in previous section. However, the 
detailed quantitative structural information, such as bond length, coordination number, 
and disorder, is obtained by further data analysis, i.e. using the scattering paths generated 
from FEFF calculation to fit our experimental data. 
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The fitting of the first main peak of As K-edge FT-EXAFS of AsxS1-x was first 
attempted by using the As-S scattering path obtained from FEFF calculation based on the 
model of crystalline As2S3 (orpiment). However, it is found that the first main peak of 
FT-EXAFS cannot be completely fitted with only As-S scattering path, and a residual is 
present on the right side shoulder of the first main peak. The failure of this attempt of 
fitting by using only As-S scattering path supports our suggestion about the presence of 
both As-S and As-As components in the nearest neighbors of As atoms.  
In order to determine the first shell structure around arsenic atoms in a-AsxS1-x, 
the parameters S0i
2
, Ni, ΔE0i, ΔRi and σi
2
, must be determined for both As-S and As-As 
scattering paths. S0i
2
 is the reduction factor for the atoms of type i around the absorbing 
atom (i.e. arsenic), has chemical transferability and S0i
2
 < 1; Ni is the degeneracy for the 
atoms of type i, and the total coordination number for arsenic atom is N = NS + NAs ≈ 3; 
ΔE0i is the correction parameter for the experimentally obtained As K edge energy E0; σi
2
 
is a disorder parameter, representing the mean square relative displacement for the 
distance between the atoms of type i and the absorbing atom (arsenic).  
Since S0i
2 
and Ni appear as a product (S0i
2
* Ni) in the EXAFS equation, the 
product of S0i
2 
and Ni is treated as one single variable. Whenever one more scattering path 
is added for fitting, the number of variables increases by at least 4. Apparently, the fitting 
becomes more challenging when more than one scattering path is used. For a reliable 
fitting, the number of independent data points must be larger than the number of variables 
and the fitting parameters should be applicable for all the k weights (k, k
2
, and k
3
) used 
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for the Fourier transforms. The number of independent points Nidp can be evaluated 
according to the Nyquist criterion: 
2
idp
k R
N

 
       (5.1)  
where  k is the range of Fourier transform,  R is the fitting range in R space. Therefore, 
Nyquist criterion suggests the upper bound of the actual information content of EXAFS.  
Multiple k-weightings were used in fitting. Since a different k weight emphasizes 
the different region of the EXAFS data, fitting by using multiple k weights can enhance 
the applicability of fitting parameters over wider range of EXAFS data. Multiple k-
weighting fitting is beneficial for another two reasons:  the correlation between these 
fitting parameters can be broken to a larger extent, because different fitting parameters 
have different dependencies of k; it also helps distinguish different atoms, since the 
EXAFS signal from different scatterers also has different k dependences.   
In order to increase the number of independent data points, multiple datasets with 
certain correlation were used for fitting. The multiple datasets for simultaneous fitting 
can be chosen from either the data for the arsenic sulfides of three different compositions 
or the data for one sample but at the different exposure time. Since we are interested in 
the photostructural changes, a group of datasets collected for the sample at as-deposited 
state and irradiated for different time are fitted simultaneously.  
At the beginning of fitting, in order to obtain the preliminary knowledge of the 
parameters, we set all the parameters free to vary but only apply some basic constraints: 
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S0
2
 which has chemical transferability is not expected to vary during the laser irradiation 
and thus set the same value for the same scattering path in all AsxS1-x series and for 
different irradiation time; ΔE0 is adopted with the same value for the data collected 
throughout the irradiation process since no obvious change of white line was 
experimentally observed. However, different E0 should be used for different scatters.  ΔR 
is highly correlated with ΔE0. Assuming the structure of arsenic sulfide films follows the 
“8-N” rule, N should be equal to 3 for the coordination number around arsenic atom, i.e. 
N = NAs-S + NAs-As = 3. Since the product of S0
2
 and N present in the EXAFS equation is 
used as one single fitting parameter, it is difficult to determine them individually. In 
principle, the accurate S0
2
 for the As-S and As-As scattering paths can be determined 
with their standards, e.g. As and As2S3 crystals, respectively. For convenience, the same 
value of S0
2
 is arbitrarily adopted for the As-S and As-As paths. On the other hand, S0
2
N 
is highly correlated with σ2 in the fitting. Due to the small concentration of As-As 
components, the σAs-As
2
 was found to have significant uncertainty in fitting.
 
It is thus 
difficult to determine the accurate NAs-As because of high correlation between NAs-As and 
σAs-As
2
. During fitting, σAs-As
2
 has to be set at a constant value and further adjustment is 
applied to satisfy the requirement of N = NAs-S + NAs-As ≈ 3. Overall, the difficulties of 
fitting are 1) lack of knowledge on S0
2
 for both As-S and As-As; 2) determining the 
accurate fraction of As-As due to its small concentration and high correlation between 
with σAs-As
2
. 
Due to the ambiguity of S0
2
, we tested the effect of different values of S0
2
 on the 
determination of other structural parameters. Specifically, the changes of structural 
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parameters when a-As2S3 was heated up to 100
0
C were examined for adopting different 
S0
2
 (S0
2
=0.70 and S0
2
=0.65) in fitting, as shown in Figure 5-4. It is found that the 
determination of bond length is not affected by varying S0
2
, the disorder decreases as S0
2
 
decreases, and the ratio NS/NAs decreases as S0
2
 increases. However, it can be seen that 
the trend lines in the heating process for each fitting structural parameter obtained from 
different S0
2
 values are parallel to each other. Therefore, the relative changes for the 
structural parameters at different sample stages are not sensitive to the adoption of S0
2
. 
The only concern because of the uncertainty of S0
2
 is the absolute value of disorder and 
the concentration of two bond components.  
In an x-ray fluorescence measurement, the EXAFS signal may be affected by the 
sample thickness, as the x-ray fluorescence is re-absorbed by the sample, i.e. the self 
absorption effect. We tested the effects of self absorption on FT-EXAFS and the fitted 
structural parameters. Figure 5-5 shows a comparison of the FT-EXAFS for the samples 
with thickness 1 μm and 5 μm. The magnitude of FT-EXAFS for the thicker sample (5 
μm) is decreased dramatically. However, the self absorption effect can be corrected 
effectively if the appropriate correction parameters (especially thickness) are used. Figure 
5-5 also shows the FT-EXAFS for the sample of 5 μm after self absorption correction. 
The self absorption correction was carried out by using EXAFS (Booth) method, the 
sample thickness of 4 μm, and the angle of 450 between x-ray incident and fluorescence. 
After self absorption correction, the FT-EXAFS for the 5μm-thick film is the same as that 
of thin sample (1 μm). Therefore, the self absorption affects mostly the magnitude of FT-
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EXAFS, i.e. the structural parameters such as S0
2
, N, and σ2, but has no impact on ΔE0 
and ΔR.  
Figure 5-6 shows a comparison of the structural parameters extracted from 
uncorrected and self absorption corrected FT-EXAFS to which we applied S0
2
=0.65 and 
S0
2
=0.89 respectively.  It can be seen that the determination of structural parameters is 
consistent, viz. within or slightly larger than error bar, for the corrected and uncorrected 
FT-EXAFS by choosing the appropriate S0
2
 values. Combined with the fact that the 
adoption of S0
2 
does not affect either the absolute values of bond length or the relative 
changes of structural parameters when the sample is under irradiation or heating, we can 
conclude that
 
the self absorption does not affect either the determination of bond length 
or the relative changes of structural parameters. Therefore, it is not necessary to perform 
the self absorption correction if only the relative changes of structural parameters are of 
interest.  
5.3. Local Atomic Structure of arsenic sulfide glassy thin films  
Figure 5-7 shows the fitting of FT-EXAFS for AsxS1-x (x=0.3, 0.4, 0.45). The 
fitted curves (red lines) match very well with the experimental data of the first 
coordination shells. The As-S and As-As components are also shown. The sub-peaks at 
the smaller and larger radial distances represent the As-S and As-As bonds, respectively. 
The first main peak decreases in magnitude as the concentration of As increases. Table 
5-1 lists the fitting parameters of the first coordination shell. The S0
2
 is determined as 
0.89 for both As-S and As-As bonds.   
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Although the composition of As30S70 is deficient in As with respect to the 
stoichiometric composition of As2S3, our fitting shows that the As-As bonds are still 
present in the first shell. The coordination numbers and bond lengths of As-S and As-As 
in As30S70 are 2.7 and 0.3, and 2.2625 Å and 2.503 Å, respectively. 
The coordination numbers and bond lengths of As-S and As-As in a-As2S3 are 2.4 
and 0.6, and 2.2577 Å and 2.523 Å, respectively. Yang et al. [12] extracted the As-As 
components from the first shell by filtering the dominant As-S contributions from the 
EXAFS. Since the signal of the As-S bonds dominates the EXAFS at k less than ~10 Å
-1
, 
the contribution of major As-S bonds in EXAFS was determined in Yang et al’s work 
from the parameters of As-S bonds given by fitting the inverse data only from 3-8 Å
-1
. By 
using c-As2S3 and c-As references, Yang et al obtained that the bond lengths for As-S and 
As-As were 2.28 Å and 2.58 Å, which are close to our present results. 
The structure of a-As45S55 film contains considerable amount of As-As homopolar 
bonds, since its composition contains excess content of As with respect to the 
stoichiometric a-As2S3. The coordination numbers and bond lengths of As-S and As-As 
in a-As45S55 are 2.2 and 0.8, and 2.2511 Å and 2.537 Å, respectively. Zhou et al. [13] 
reported that the As-S and As-As bonds have lengths of 2.27 Å and 2.56 Å, and the S and 
As coordination numbers of As are 2.5 and 0.5 in the annealed As45S55 film, respectively. 
The relatively smaller concentration of As-As bonds in the annealed sample suggests that 
some of the homopolar bonds were eliminated during annealing. Zhou et al. suggested 
that the structure of As45S55 can be considered as an amorphous As2S3 covalent network 
with embedded As4S4 molecules or molecular clusters based on the observation of sharp 
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features locating within the broad band at 340 cm
-1
 in the Raman spectra. We noted that 
the peak of the second shell in the FT-EXAFS in Zhou et al.’s work is much more 
remarkable than that in our result. It may be attributed to the different film preparation 
techniques. Zhou et al. prepared As45S55 films by flash evaporation of mixed powders of 
As4S4 and As2S3, whereas we directly evaporated the As45S55 glass bulks. By evaporating 
As4S4 and As2S3 separately, the two phases are more possible to be retained even in the 
condensed phase, causing the sharp features at the larger radial distance in the FT-
EXAFS in Zhou et al.’s work. Our work used the uniform As45S55 bulks for thermal 
evaporation, and thus the composition of our deposited film should be more uniform. The 
much less sharper features at the second shell in FT-EXAFS in our work indicate that the 
As-As bonds are uniformly distributed into the network structure instead of forming 
embedded molecules. 
Overall, according to the fitting parameters, the As-As homopolar bonds appear in 
all the tested compositions from arsenic-deficient to arsenic-rich compositions, and the 
concentration increases as the concentration of arsenic in the sample increases. The 
chemical order is severely broken in the as-deposited thin films. As the concentration of 
arsenic increases, the average As-S bond length decreases by 0.01 Å, whereas the average 
As-As bond length increases by 0.03 Å. 
5.4. Local atomic structure of other chalcogenide thin films 
Figure 5-8 (a) shows the Ge K edge FT-EXAFS for GexS100-x films. The main 
peak increases its magnitude and shifts to shorter radial distance as the concentration of 
sulfur increases. However, the Ge-S and Ge-Ge components cannot be clearly 
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distinguished in the FT-EXAFS. When fitting the data, it was found that the main peak of 
FT-EXAFS of GexS1-x cannot be fitted by using only the Ge-S scattering path; instead, it 
can be fitted well by using both Ge-S and Ge-Ge scattering paths. Figure 5-8 (b,c,d) show 
the fitting results of FT-EXAFS of GexS1-x. The shaded region represents the Ge-Ge 
component. Table 5-2 lists the fitting parameters. 
The Ge-Ge component appears in all the tested germanium sulfide thin films, 
from Ge-deficient to Ge-rich composition. Similar to the arsenic sulfide films, the 
chemical order is broken in the germanium sulfide films as well. As the concentration of 
germanium increases, the coordination number for Ge-S decreases from 3.3 in Ge28S72 to 
2.7 in Ge40S60, while the coordination number for Ge-Ge increases from 0.7 in Ge28S72 to 
1.3 in Ge40S60; the Ge-S bond length increases from 2.2302 Å in Ge28S72 to 2.2462 Å in 
Ge40S60, while the Ge-Ge bond length decreases from 2.520 Å in Ge28S72 to 2.504 Å in 
Ge40S60. Therefore, the dependence of bond length on the sulfur concentration in 
germanium sulfide thin films is just the opposite to that in arsenic sulfide thin films. 
The local atomic structure of selenide thin films was also studied. Figure 5-9 
show the Ge K and Se K FT-EXAFS for GeSe2 thin film, while Figure 5-10 show the As 
K and Se K FT-EXAFS for As2Se3 thin film. In the FT-EXAFS for selenide films, the As 
(Ge)-Se and As (Ge)-As(Ge) components are not distinguished. Due to the similar atomic 
radius of As (Ge) and Se atoms, it is impossible to fit the data with both As(Ge)-Se and 
As(Ge)-As(Ge) scattering paths. Therefore, we used only As(Ge)-Se (or Se-As(Ge) 
scattering path to generate the average bond length around Ge (As) or Se. The fitting 
parameters are listed in Table 5-3. The average bond lengths for As-NN and Se-NN in 
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As2Se3 thin film are 2.4091 Å and 2.4037 Å, respectively; the average bond lengths for 
Ge-NN and Se-NN in GeSe2 thin film are 2.3698 Å and 2.3696 Å, respectively. The 
average bond lengths around Ge and Se in GeSe2 are quite close, while there is about 
0.0054 Å difference for the average bond lengths around As and Se in As2Se3. The 
discrepancy of the obtained average bond lengths can be due to 1) the inaccurate 
determination of ΔE0, and 2) the presence of homopolar bonds such as As-As and Se-Se 
bonds, since RAs-As>RAs-Se>RSe-Se. 
5.5. Radial distribution function of As2S3 glassy film by electron diffraction 
Diffraction techniques have been widely employed in crystalline materials to 
explore their symmetry and crystal structures. The diffraction pattern of a single crystal 
consists of a group of orderly arranged diffraction spots and each spot corresponds to a 
series of parallel crystal planes, while the one of polycrystalline material shows sharp 
rings whose radii are associated with the spacing of crystal planes. In contrast, the 
diffraction patterns for glasses are composed of a series of diffused rings lacking sharp 
boundaries. Therefore, the structural information from the diffraction of glass is not 
apparent. However, we can still calculate the RDF from the diffraction pattern of glass, 
and thus obtain the useful structural information over the intermediate range (within the 
nearest few coordination shells).  
While X-ray and neutron diffractions are relatively more commonly used for 
investigating the atomic structure of glasses, the applications of electron diffraction for 
determination of structure of these materials are very rare because of some difficulties: 1) 
very thin specimen (<100 nm) is required, 2) unlike the X-ray and neutron diffraction 
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techniques which are highly automated, electron diffraction needs high level of user input, 
for example, careful calibrations, taking and converting diffraction intensity profile, and 
complicated data analysis. Nonetheless, electron diffraction has some unique advantages 
over X-ray and neutron diffractions. First, it can be readily combined with direct imaging. 
Secondly, high spatial resolution can be achieved through the highly condensed electron 
beam and a selected area aperture. This is extremely powerful for studying the phase-
separated material in which one particular phase can be chosen by the selected area 
aperture. Thirdly, the high-energy electron in TEM has much smaller wavelength than X-
ray and neutron, which allows collecting data over a wide range in the reciprocal space, 
and therefore a better atomic resolution can be achieved in the real space after the Fourier 
transform of the diffraction data. 
The theory of electron scattering in disorder materials and the data analysis 
procedure for obtaining the reduced radial distribution function (G(r)) have been 
discussed in Chapter 3. The procedure established in the Chapter 3 is applied to the As2S3 
glass film (a-As2S3) to obtain its reduced RDF. The diffraction pattern of As2S3 was taken 
at the accelerating voltage 100 kV and with a nominal camera length 291 mm. Figure 
5-11 shows the diffraction pattern and intensity profile of the As2S3 glass film, from 
which we can see that the diffraction rings are broad and diffusive, which is a typical 
feature of glasses. N=31 is chosen in Figure 5-12 (a) where the plots of <f
2
> and I/N are 
shown and from which it can be seen that the <f
2
> and I/N match well at the end of data. 
The υ(s) is then obtained and shown in Figure 5-12 (b).  
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The G(r) of As2S3 film obtained by Fourier transform of υ(s) is shown in Figure 
5-13 where three major peaks can be determined, corresponding to the 1
st
, 2
nd
, and 3
rd
 
coordination shells determined by electron diffraction. Table 5-4 lists the atomic 
distances for the three nearest coordination shells resolved by electron diffraction; in 
comparison, the atomic distances involved in its crystalline counterpart c-As2S3 
(orpiment) are also listed.  
The 1st peak in the G(r) is at about 2.27 Å, while the crystal structure shows the 
1
st
 neighbor distance varies from 2.24 to 2.31 Å. Therefore, the 1
st
 peak in the G(r) of a-
As2S3 should be corresponding to the average length of the chemical bonds involved in 
the structure, such as As-S, As-As and S-S.  
The atomic distance 3.37 Å of the 2
nd
 peak in G(r) is comparable to the distances 
ranging from 3.19 to 3.65 Å between the atomic pairs in c-As2S3: As-As2 (i.e. As and its 
second neighbor As on the same layer), S-S2 (S and its second neighbor S on the same 
layer), As-As’ (the closest distance between the two As atoms at two adjacent layers), 
and S-S’ (the closest distance between the two S atoms at two adjacent layers). Therefore, 
the second peak in the G(r) of a-As2S3 correlates predominantly with some atomic 
distances between the reference atom and its second neighbors on the same layer, and 
occasionally the closest spacing between two adjacent layers.  
The atomic distance 4.51 Å of the 3
rd
 neighbor in G(r) is comparable to the 
distances ranging from 4.04 to 5.07 Å between the atom pairs in c-As2S3: As-S’ (the 
closest distance between As and S at two adjacent layers), As-As’’ (the second closest 
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distances between two As atoms at two adjacent layers), S-As3 or As-S3 (the distances 
between S and its third neighbor As on the same layer, or between As and its third 
neighbor S on the same layer). Therefore, the 3
rd
 peak in the G(r) of a-As2S3 corresponds 
to some atomic distances between the reference atom and third closest neighbors, and the 
normal interlayer spacing.  
The reduced RDF obtained by electron diffraction is compared with the Fourier-
transformed EXAFS, as shown in Figure 5-13. Our EXAFS result of As2S3 film shows 
the As-S bond length is about 2.264 Å, which is very close to the result from the electron 
diffraction (2.27 Å). However, the FT-EXAFS possesses much better atomic resolution, 
and especially the unique capability of determining the atomic structure surrounding 
particular type of atoms. The G(r) from the electron diffraction is able to show the three 
closest coordination spheres within the radial distance of 0~5 Å. After comparing with 
the FT-EXAFS of crystalline As2S3 generated from FEFF calculation, we found out that 
the experimental FT-EXAFS resolves at least five near neighbor structures around 
arsenic atoms within the radial distance of 0~5 Å. Especially, the FT-EXAFS shows a 
shoulder on the right of the first main peak, which is associated with the As-As 
homopolar bonds. In contrast, the reduced RDF is not able to resolve the As-As and S-S 
homopolar bonds. Therefore, the atomic resolution provided by RDF calculated from the 
electron diffraction pattern is not as good as from FT-EXAFS.  
The Fourier transform of s*i(s) for the diffraction data from a binary system (A-B) 
has the following expression [14]: 
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    (5.2) 
where PAB
D
 is the Fourier transform of the product of the individual scattering factors for 
atoms A and B multiplied by a window function representing the range of s space 
transformed, and ρ(r) is the pair density function. Therefore, the peaks in the RDF consist 
of three pair density functions, i.e. ρA-A(r), ρB-B(r) and ρA-B(r). In the case of a binary 
system of chemical order, there are only A-B bonds present in the nearest coordination 
sphere, and therefore the information about the 1
st
 coordination sphere is very clean and 
contains only ρA-B(r). However, the evaporated thin films often exhibit considerable 
degree of chemical disorder, specifically homopolar bonds, e.g. As-As, Ge-Ge, S-S, and 
Se-Se. These homopolar bonds complicate even the analysis of the nearest neighbor 
structure in RDF, due to the contribution from the three pair density functions, e.g. ρAs-
S(r), ρAs-As(r), and ρS-S(r) for thermally evaporated a-As2S3 thin film.  
In contrast, EXAFS probes the particular type of atoms, thus selectively 
manifesting the local atomic structure of the particular type of atoms. For example, the 
Fourier transform of k∆(k) for EXAFS data from a binary system (AB) can be expressed 
as [14]: 
0
( ( )) ( ) ( ) ( ) ( )E EAA AA AB ABF k k u u P r u u P r u du 

      
      (5.3) 
Obviously, there are fewer pair density functions in EXAFS than in diffractions. 
Therefore, the information of the nearest neighbor structure is much simplified in FT-
 164 
 
EXAFS, e.g. the 1
st
 peak of FT-EXAFS of arsenic K edge in As2S3 contains only ρAs-S(r) 
and ρAs-As(r) for thermally evaporated As2S3 thin film. However, we should note that the 
resolution of RDF also highly depends on the measured k range and Fourier transform. 
The resolution limit (∆R) of EXAFS is related with its maximum useful k value (kmax) 
through: max/ (2 )R k  . Therefore, in order to obtain a better atomic resolution, the 
data collection range should be extended to as high energy as possible, as long as the 
collected data are meaningful and the EXAFS is not hidden by the noise.  
5.6. Summary 
Quantitative information about the local atomic structure of chalcogenide glassy 
films, such as bond length, coordination number and disorder, was obtained by EXAFS. 
The chemical order is severely broken in the thermally evaporated chalcogenide thin 
films. Specifically, considerable amount of homopolar bonds such as As-As (Ge-Ge) and 
S-S (Se-Se) is present in the structure. The chemical bond length varies with composition. 
In the arsenic sulfides, the As-S bond length decreases while the As-As bond length 
increases as the concentration of As increases. The germanium sulfides exhibit an 
opposite trend, viz. the Ge-S bond length increases while Ge-Ge bond length decreases as 
the concentration of Ge increases. 
 The reduced RDF of a-As2S3 obtained from electron diffraction resolves the three 
nearest neighbor structure which were identified by comparison with the crystal structure. 
It is found that the FT-EXAFS has much better atomic resolution than the reduced RDF 
obtained from electron diffraction.  
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Table 5-1: The fitting parameters for the FT-EXAFS of As30S70, As40S60, and As45S55 
glass films 
 
Bonds S
0
2
 ΔE0 (eV) R (Å) σ
2
 
(10
-3
 Å
2
) N 
As
30
S
70
 
As-S 0.89 6.29±0.75 2.2625±0.0033 1.87±0.68 2.68±0.18 
As-As 0.89 6.29±0.75 2.503±0.018 1.7±? 0.32±0.11 
As
2
S
3
 
As-S 0.89 6.94±0.47 2.2577±0.0030 2.08±0.61 2.41±0.15 
As-As 0.89 6.94±0.47 2.523±0.011 3.5±? 0.60±0.12 
As
45
S
55
 
As-S 0.89 7.15±0.54 2.2511±0.0031 1.91±0.61 2.15±0.13 
As-As 0.89 7.15±0.54 2.537±0.008 4.4±? 0.86±0.13 
 
 
Table 5-2: The fitting parameters for the FT-EXAFS of Ge28S72, Ge33S67, and Ge40S60 
glass films. 
 
Bonds S
0
2
 ΔE0 (eV) R (Å) σ
2
 
(10
-3
 Å
2
) N 
Ge
28
S
72
 
Ge-S 0.83 6.8 2.2302±0.0036 1.9±0.93 3.32±0.27 
Ge-Ge 0.83 9 2.520±0.015 1.9±? 0.68±0.16 
Ge
33
S
67
 
Ge-S 0.83 6.8 2.2390±0.0035 2.8±0.92 2.88±0.22 
Ge-Ge 0.83 9 2.510±0.013 5.9±? 1.13±0.17 
Ge
40
S
60
 
Ge-S 0.83 6.8 2.2462±0.0065 4.1±1.7 2.73±0.34 
Ge-Ge 0.83 9 2.504±0.025 8.6±? 1.27±0.35 
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Table 5-3: The fitting parameters for the FT-EXAFS of As40Se60 and Ge33Se67 glass films. 
 
Bonds S
0
2
 ΔE0 (eV) R (Å) σ
2
 
(10
-3
 Å
2
) N 
As
40
Se
60
 
As-NN 0.94 4.3 2.4091±0.0016 4.6±0.2 3 
Se-NN 1 6.5 2.4037±0.0014 4.2±0.1 2 
Ge
33
Se
67
 
Ge-NN 1.15 4.3 2.3698±0.0019 4.5±0.18 4 
Se-NN 1.05 5.8 2.3696±0.0019 3.5±0.2 2 
 
Table 5-4: The atomic distances (Å)* in the As2S3 crystal (orpiment) and in the As2S3 
glass film obtained from electron diffraction. 
 As-S As-As2 S-S2 As-As’ S-S’ 
As-S’, 
S-As’ 
As-As’’ 
S-As3, 
As-S3 
As2S3 
Crystal, 
orpiment 
2.24, 
2.27, 
2.29,
2.31 
3.19, 
3.52, 
3.57 
3.29, 
3.35, 
3.44, 
3.46, 
3.61, 
3.64, 
3.65 
3.64 3.65 
4.04, 
4.10, 
4.24 
4.73, 
4.89 
4.25, 
4.28, 
4.58, 
4.67, 
5.07 
Electron 
diffraction 
2.27 3.37 4.51 
 
*As-S: bond length between As and S; As-As2 (S-S2): the distance between As(S) and its 
second neighbor As(S) on the same layer; As-As’ (S-S’): the distance between As(S) and 
its closest neighbor As’(S’) on two adjacent layers; As-S’: the distance between As(S) 
and its closest neighbor S’ (As’) on two adjacent layers; As-As’’: the distance between 
As and its second closest neighbor As’’ on two adjacent layers; S-As3 (As-S3): the 
atomic distance between S (As) and its third neighbor As3 (S3) on the same layer. 
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Figure 5-1: The structure of crystalline As2S3 (orpiment) with the view along (a) c and (b) 
b axis, respectively; (c) the structure of crystalline GeS2. 
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Figure 5-2: (a) The Fourier transforms of EXAFS for the first four XAS scans of a-As2S3 
film; (b) the FT-EXAFS of a-As30S70, a-As2S3, and a-As45S55 thin films. The Fourier 
transforms were performed on the k
2
-weighted EXAFS with the k range of 2-11.538Å
-1
 
and Kaiser-bessel window function (dk=1).   
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Figure 5-3: The XPS of the As 3d and S 2p core levels for as-prepared As2S3 glass film. 
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Figure 5-4: The effect of different values of S0
2
 on the fitting parameters such as bond 
length, disorder, and coordination number for As-S and As-As bonds, and the changes 
upon  heating in a-As2S3. “100C” represents 100
0
C (heated in air). 
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Figure 5-5: The As K edge FT-EXAFS for a-As2S3 film with the thickness 5 μm and 1 
μm before self absorption correction, and the self absorption corrected FT-EXAFS of 
5μm-thick As2S3 film.  
 172 
 
2.250
2.252
2.254
2.256
2.512
2.514
2.516
2.518
2.520
1.6
1.8
2.0
2.2
2.4
2.0
2.5
3.0
3.5
AP 100C
2.40
2.46
2.52
2.58
AP 100C
0.42
0.48
0.54
0.60
a-As
2
S
3
 
R
 (
A
s
-S
),
 Å
 amp=0.65, ~5m, uncorrected
 amp=0.89, SA corrected
R
 (
A
s
-A
s
),
 Å
 



s
-S
)





Å
2



s
-A
s
)





Å
2
N
(A
s
-S
)
Sample Stages
 N
(A
s
-A
s
)
 
Figure 5-6: Comparison of the structural parameters extracted from the uncorrected and 
self-absorption corrected FT-EXAFS at different sample stages. Different S0
2
 was used in 
the fitting for the uncorrected (S0
2
=0.65) and corrected (S0
2=0.89) data. “AP” represents 
ar-prepared sample stage; “100C” represents the sample heated at 1000C in air. 
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Figure 5-7: The k
2
-weighted FT-EXAFS (circles) and the fitted curves (red curves) of a-As30S70, a-As2S3, and a-As45S55. The blue 
curves and the shaded region represent the As-S and As-As components, respectively. 
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Figure 5-8: The k
2
-weighted Ge K-edge FT-EXAFS of Ge28S72, Ge33S67, and Ge40S60 
glass films; the fitted curves and their Ge-S and Ge-Ge components for these three 
samples.  
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Figure 5-9: The k
2
-weighted FT-EXAFS of Ge and Se K edges and their fitted curves for 
GeSe2 glass film.  
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Figure 5-10: The k2-weighted FT-EXAFS of the As and Se K edges and their fitted 
curves for the As2Se3 glass film. 
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Figure 5-11: The electron diffraction pattern and the intensity profile of a-As2S3 film with 
thickness of ~20 nm deposited on TEM holey carbon grid. 
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Figure 5-12: (a) The plots of diffraction intensity curve I/N (N=31) of As2S3 glass film 
and the independent scattering intensity <f
2
> of the composed elements, i.e. As and S; (b) 
the plot of υ(s) as a function of s for a-As2S3 film. 
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Figure 5-13: Comparison of the G(r) obtained from electron diffraction and the FT-
EXAFS of a-As2S3 film. 
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Chapter 6: Photstructural changes of chalcogenide glass 
films 
Photoinduced effects in amorphous As2S3 have been investigated extensively. 
Photoexpansion of ~ 0.4% in well-annealed (Annealing atmosphere was not described) 
As2S3 evaporated film was first discovered in 1976 by Hamanaka et al [1 ]. Later, 
Hisakuni and Tanaka [2] discovered giant photoexpansion of up to 6% in the surface 
height increase after high-power density sub-bandgap light illumination (Ex = 2.0 eV, α = 
1 cm
-1
, p = 10
4
 W/cm
2
). Note that the giant photoexpansion is about one order larger than 
the conventional photoexpansion. More recently, Hisakuni and Tanaka [ 3 ] further 
demonstrated the photofluidity in As2S3 bulk glass. Saliminia et al [4] discovered mass 
transport induced by optical field. Although different photoinduced phenomena have 
been observed in As2S3 glass, they all claimed that these photoinduced effects are not due 
to laser heating. Notwithstanding, the underlying mechanism of photoinduced 
phenomena is still being debated.  
It is believed that photostructural change should account for the observed 
photoinduced phenomena. In order to identify the atomistic mechanism of photoinduced 
changes, in-situ EXAFS experiments were performed in this work on the chalcogenide 
glassy films, including arsenic- and germanium-based chalcogenide glasses, such as 
As30S70, As40S60, As45S55, As40Se60, Ge28S72, Ge33S67 (GeS2), Ge40S60, and Ge33Se67 
(GeSe2). 
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The a-AsxS100-x and a-Gex-S100-x samples were irradiated by Argon laser with the 
wavelength of 488 nm (Ex = 2.54 eV), the GeSe2 sample was irradiated by a solid state 
diode-pumped laser with the wavelength of 532 nm (Ex = 2.33 eV), and the As2Se3 
sample was irradiated by a diode laser with the wavelength of 660 nm (Ex = 1.88 eV). As 
seen in chapter 4, photoinduced anisotropy and transient changes of optical properties 
(e.g. optical absorption) were found to varying degree in all the chalcogenide glassy films. 
In order to investigate the structural signature of the photoinduced anisotropy, the local 
atomic structure is examined at different polarization conditions of the excitation laser. 
Synchrotron x-rays are naturally polarized in the laboratory (orbital) plane, while the 
laser polarization can be altered readily with respect to that of X-ray. Two polarization 
directions of laser are used: vertical polarization (VP), i.e. orthogonal to the polarization 
of X-ray, and horizontal polarization (HP), i.e. nearly parallel to X-ray’s polarization, 
since there is small angle (~10
0
) between the laser and X-ray beams.  XAS spectra are 
also taken after the extinction of laser in order to investigate whether there is any 
transient structural change. Therefore, the EXAFS spectra at four different sample stages 
are obtained, i.e. as-prepared (AP), photo-saturated state by laser of vertical polarization 
(VP) or horizontal polarization (HP), and the final state when the laser is switched off 
(OFF). 
The as-deposited and annealed chalcogenide glass films possess different 
structure; specifically, the as-deposited films often exhibit considerable amount of 
homopolar bonds which are absent entirely or exists in very small concentration in the 
chalcogenide glass bulks. The photoinduced changes for these two types of films are 
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often different as well. For instance, the as-deposited As2S3 film shows photocontraction 
[5], [6] while the well-annealed As2S3 film shows photoexpansion. However, both as-
deposited and well-annealed As2S3 films show photodarkening. Therefore, it is also 
critical to study both as-deposited and well-annealed films and the thermally induced 
structural changes. 
6.1. Photostructural changes in arsenic chalcogenide glass films 
Figure 6-1 (a) shows the As K edge FT-EXAFS of a-As2S3 film at the four sample 
stages as described above. We can clearly see a large difference in FT-EXAFS between 
the as-prepared and laser irradiated states, while there is no difference observed among 
the VP, HP and OFF states. The photoinduced changes of the nearest neighbor structure 
of As atoms are very clear, which can be seen from the main peak of the FT-EXAFS. The 
magnitude of the main peak mainly associated with As-S bonds increases after laser 
exposure, and the peak position shifts to longer distance which indicates the increase of 
As-S bond length. The hump at the high-R side of the main peak associated with the As-
As bonds diminishes during irradiation, indicating the decrease concentration of As-As 
bonds.  
The change at higher-order coordination shells is also well resolved. The second 
main peak associated with the As-S-As (or As-As-S) shifts to longer distance, which can 
be attributed to the increase of the bond angle         , or the increase of As-S 
bond length. The increase of magnitude of the second peak after irradiation is probably 
due to the removal of As-As bonds, in other words, the decreased amount of As-As-S, 
and thus the more uniform distribution of atomic distance between As and its second 
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neighbors. The magnitude of the third peak decreases dramatically and the peak position 
shifts to longer distance. The decrease of the magnitude of the third peak may be due to 
the broader distribution and the increased average of interlayer spacing or distance 
between As and its third neighbors. Measurements have been repeated for at least 10 
times on different samples and with different sequence of altering laser polarization and 
different laser power density; the features of photoinduced changes in the FT-EXAFS are 
completely reproducible. 
Figure 6-1 (b, c, d) show the bond length (RAs-S and RAs-As), disorder (σ
2
As-S and 
σ2As-As) and coordination number (NAs-S and NAs-As) for a-As2S3 at the four sample stages.  
The As-S bond length increases from 2.257 Å at the as-prepared state to 2.269 Å after 
irradiation, while the As-As bond length decreases from 2.522 Å to 2.511 Å, but both 
bond lengths remain unchanged (if any, within the error bar) either by altering the laser 
polarization or switching off laser. Overall, the bond length change of ~0.01 Å has been 
observed for a-As2S3 after laser irradiation.  
It should be stressed that the bond length change of ~0.01 Å can be determined by 
in situ EXAFS with high confidence. EXAFS possesses the advantage of providing high 
accuracy in determining interatomic distances at the first coordination shell. EXAFS 
technique has been routinely employed to resolve the atomic structure with accuracy of 
interatomic distance determination between 0.01 Å and 0.001 Å. Dalba et al [7] studied 
thermal expansion using EXAFS cumulant analysis in which the accuracy of 10
-3
 Å and 
10
-5
 Å
3
 for 1
st
 and 3
rd
 cumulant respectively has been achieved. The perpendicular 
relative thermal displacement (thermal vibrations normal to the bond direction) was 
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obtained from the EXAFS spectra based on the 1
st
 cumulant, while the thermal expansion 
can be reproduced well based on the 3rd cumulant while taking quantum effects into 
account. Most recently, a sensitivity of ~1 fm for mean differential interatomic distance 
measurements has been reported by using a dispersive X-ray absorption spectrometer 
without moving components thus effectively avoiding energy shift [8].  
Ganjoo et al [9] reported the photoinduced atomic structural change in a-As2S3 by 
in situ EXAFS, and found out that the average bond length around As decreases while 
that around S increases after the a-As2S3 is exposed by Argon ion laser, claiming that the 
extent of increase of RS-NN is larger than the decrease of RAs-NN, attributed to the 
photoexpansion in this material. However, this result is suspicious. First, as-deposited 
As2S3 films which were used in their experiment were observed to show photocontraction 
instead of photoexpansion. Secondly, by carefully examining their data shown in the 
paper, we found out that their analysis and interpretation of EXAFS is probably 
inappropriate. The major bond around As and S is the same, i.e., As-S bond (~89% 
around As or S atom). Given the average bond length change obtained by Ganjoo et al, 
we can estimate that the As-As and S-S bond lengths are 2.50 and 1.94 Å; comparing 
with the reported values of 2.48 and 2.08 Å for As-As and S-S, the As-As bond length is 
reasonable, but the S-S bond length is too small (a deviation of 0.14 Å for the bond 
length is very large). Therefore, it is unreasonable that the average bond length increases 
around S but decreases around As. In addition, according to the FT-EXAFS shown by 
Ganjoo et al, the main peak apparently shifts to larger distance, indicating that their 
fitting process is improper. 
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The S coordination number of As (NAs-S) atoms increases from 2.40 to 2.64 after 
laser irradiation, while the As coordination number of As decreases from 0.61 to 0.36. In 
other words, the fraction of As-S bonds increases while that of the As-As bonds 
decreases upon laser irradiation. Two possible mechanisms can be envisioned: 1) VAPs 
of As4
+
 and S1
-
 in which each As4
-
 includes one As-As homopolar bond [10]; 2) Pairs of 
As-As and S-S homopolar bonds. Therefore, the formation of additional As-S bonds is 
related with the removal of As-As bonds either by the following photoinduced reaction: 
As
S
S
S
As
+
S
S
+ S
-
S
As
S S
+
S
As
S S 
Or by the following bond switching process: 
2As As S S As S      
The second mechanism appears more probable for two reasons. First, Raman 
spectra of evaporated a-As2S3
 
[ 11 ] identifies the presence of both S-S bonds with 
vibration at 490 cm
-1
 and As-As bonds with vibrations between 100 and 250 cm
-1
. 
Second, the concentration of VAPs is estimated to be very low, ~10
18
~10
19
 cm
-3
 (less 
than 100 ppm), which is inconsistent with the much larger concentration of As-As bonds 
obtained by our EXAFS.  
 h  σ2As-S remains unchanged within experimental error after irradiation, while  
the σ2As-As decreases from 3.6×10
-3
 Å
2
 to 2.5×10
-3
 Å
2
, indicating that the As-As bond 
length becomes more ordered after irradiation. No change in σ2 is found between 
different laser polarization or laser-off states. The unchanged disorder parameter for As-S 
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bonds under laser irradiation does not favor the suggestion of As4S4 molecules embedded 
in the network. The bond statistics can be readily calculated from the EXAFS results on 
the as-deposited As2S3 film in chapter 5. There are about 2.4 S atoms and 0.6 As atoms 
around each As atom. When counting the surrounding atoms around As, the As-As bonds 
have been double counted. Therefore, the concentration ratio between As-S bonds and 
As-As bonds is 2.4:0.6/2 = 8:1. Assuming that all the atoms are completely coordinated 
according to the 8-N rule, i.e. no dangling bonds and no valence alternation pairs, there 
should be the same amount of S-S bonds as As-As bonds present in the film. Therefore, 
the concentration ratio of the three bonds is: CAs-S: CAs-As: CS-S = 8:1:1, i.e. 80% As-S 
bonds, 10% As-As bonds and 10% S-S bonds. Given all the As-As bonds exist in the 
As4S4 molecules, there are 40% As-S bonds associated with the As4S4 molecules, since 
the bond concentration ratio in As4S4 between As-As and As-S bonds is 1:4. Therefore, 
50% chemical bonds are present in the As4S4 molecules in the evaporated a-As2S3 film. 
Given different As-S bond length of As4S4 molecule from that in the glass network [12], 
the σ2As-S should decrease considerably after these molecules are polymerized into the 
network, which is inconsistent with our observation of almost constant σ2As-S. In contrast 
to the popular opinion, there are probably no or very few isolated As4S4 molecules 
present in the network; instead, these molecules should have been polymerized into the 
glass network as the film is deposited onto the substrate. Raman spectra do show the 
sharp features of As-As vibration between 100 cm
-1
 and 250 cm
-1
, and resemble the 
Raman features of realgar. However, if the network forming cluster S2/2As-AsS2/2 is 
locally more ordered comparing with other part of the network, this sharp feature of 
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Raman vibrational bands is possible. Therefore, there is insufficient evidence for the 
existence of As4S4 molecules. 
The photoinduced change of a-As45S55 in FT-EXAFS, as shown in Figure 6-2, is 
similar to but more pronounced than for a-As2S3. The first main peak clearly shifts to 
longer distance and the shoulder of the first main peak associated with the As-As bonds 
diminishes. The As-S bond length increases from 2.251 Å at the as-prepared state to 
2.264 Å after irradiation, while the As-As bond length decreases from 2.537 Å to 2.511 Å. 
The As-S bond length in As45S55 increases by ~0.013 Å, about the same as that in As2S3 
(~0.012 Å), while the As-As bond length decreases by ~0.026 Å, more than twice the 
decrease in As2S3 (~0.011 Å). The disorder of As-S bonds in As45S55 has almost no 
change, just like in As2S3; however, the disorder of As-As bonds decreases from 4.4*10
-3
 
Å
2
 to 4.0*10
-3
 Å
2
, about less than half the decrease in As2S3. The NAs-S increases from 2.2 
to 2.3, while the NAs-As decreases from 0.8 to 0.7. Therefore, much less amount of As-As 
bonds in As45S55 is reduced after irradiation than in As2S3, probably due to the smaller 
amount of S-S bonds available for the reaction in As45S55. Unlike As2S3, the second peak 
in the FT-EXAFS of As45S55, associated with the As-S-As or As-As-S, decreases in 
magnitude after laser irradiation. This is probably because the broadening of bond angle 
distribution is more predominant in As45S55 than the removal of As-As bonds. However, 
like As2S3, the second peak in the FT-EXAFS of As45S55 shifts to larger distance, 
probably due to the increased average bond angle          or the increased As-S 
bond length. Similar to As2S3, the third peak in the FT-EXAFS of As45S55 decreases in 
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magnitude, arising from the increased randomness of intermolecular spacing or distance 
between As and its third neighbors. 
Photoinduced change of atomic structure of As40Se60 was also examined by in situ 
EXAFS, as shown in Figure 6-3. The advantage of looking into As40Se60 is that we are 
able to study the atomic structural changes around both elements, since the K edges of 
both arsenic and selenium are accessible at the beamlines X19A and X18B. However, it 
is difficult to distinguish between heteropolar and homopolar bonds, i.e. As-Se, As-As 
and Se-Se bonds, since the atomic size of arsenic and selenium is quite similar. The 
As40Se60 shows similar photoinduced changes in the As K edge FT-EXAFS as As40S60 
and As45S55, viz. the first main peak in FT-EXAFS increases in magnitude and shifts to 
larger distance. In the Se K edge FT-EXAFS, the first main peak has almost no change in 
the magnitude, but shifts to larger distance. 
As-NN bond length increases from 2.410 Å to 2.414 Å, while Se-NN bond length 
increases to a larger extent, from 2.404 Å to 2.413 Å. The average disorder σ2As-NN 
decreases from 4.5*10
-3
 Å
2
 to 4.2*10
-3
 Å
2, while the decrease of σ2Se-NN is within the 
error bar. The different features of photoinduced changes around As and Se indicate the 
existence of homopolar bonds, i.e. As-As and Se-Se bonds. Given the photoinduced 
reaction                   , the RSe-NN increases more than RAs-NN, and RAs-
Se should increase as well, since RAs-As (2.42 Å) > RAs-Se (2.38 Å) > RSe-Se (2.34 Å)[12]. 
Some other findings can be made based on the changes of σ2. No change of σ2Se-NN 
suggests that the bond length of RAs-Se before irradiation is probably closer to that of RSe-
Se than RAs-As. On the other hand, we can deduce that the proposal of the presence of 
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As4Se4 molecules is not valid. If As4Se4 molecules were embedded in the network and 
As-Se bond length in the molecules was shorter than that in the network [12], 
considerable decrease of σ2Se-NN should have been observed due to the more uniform 
distribution of As-Se bond length after the photoinduced reaction in which the embedded 
molecules were broken and involved into the network. The RAs-Se should increase 
throughout the whole network structure rather than in a local regime. Finally, the 
unchanged magnitude of the first main peak in the Se K edge FT-EXAFS also verifies the 
mechanism of photoinduced bond switching instead of reaction of VAPs containing As-
As homopolar bonds and Se1
-
; otherwise, an increase of the magnitude of the first main 
peak in the Se K edge FT-EXAFS should have been observed since the coordination 
number of Se increased due to the removal of VAPs. 
Comparing with As40S60, As45S55 and As40Se60, As30S70 has much smaller change 
in FT-EXAFS, as shown in Figure 6-4 (a). The first main peak increases in magnitude 
slightly and shifts to slightly larger distance, as shown in the inset of Figure 6-3 (a). Our 
fitting shows the As-S bond length slightly increases from 2.262 Å to 2.264 Å, while As-
As bond length has almost no change.  Both σ2As-S and σ
2
As-As do not change after 
irradiation; the NAs-S and NAs-As also have no change. The second and third peaks decrease 
in magnitude, similar to those in As45S55; in comparison with the slight change of the first 
main peak, the changes of the second and third peaks are more significant. 
6.2. Photostructural change of germanium chalcogenides 
Germanium chalcogenide glasses exhibit photobleaching when they are exposed 
by band gap light. To examine the atomic structural nature of photobleaching, in situ 
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EXAFS is performed on germanium chalcogenides, including Ge28S72, GeS2, Ge2S3 and 
GeSe2. The GexS1-x glassy films were irradiated by Argon ion laser with the wavelength 
of 488 nm and intensity of ~ 30 mW/cm
2
, while GeSe2 thin film is irradiated by a diode 
pumped solid state laser with the wavelength of 532 nm and intensity of ~ 50 mW/cm
2
. 
In situ EXAFS shows considerable change of atomic structure around germanium 
but very subtle change around selenium. As shown in Figure 6-5, the first main peak in 
the Ge K edge FT-EXAFS increases slightly in magnitude and shifts to shorter distance 
after irradiation, while almost no change is found for the Se K edge EXAFS. The fitting 
results show the change of RGe-NN and σ
2
Ge-NN. RGe-NN decreases from 2.370 Å to 2.368 Å, 
and σ2Ge-NN decreases from 4.47*10
-3
 Å
2
 to 4.30*10
-3
 Å
2
, while the changes of RSe-NN and 
σ2Se-NN are unresolved. The inconsistent changes of atomic structure around Ge and Se 
indicate the involvement of bond switching process: 2Ge Ge Se Se Ge Se     . 
A photo-oxidation mechanism exclusively on Ge sites can be an alternative 
explanation based on the fact that RGe-NN decreases while RSe-NN does not change. 
However, three reasons do not favor this possibility: 1) Ge-O and Ge-Se bond length 
should have been well resolved in the FT-EXAFS, however, there is no indication of 
presence of Ge-O bonds; 2) If oxygen did not penetrate into the bulk of GeSe2 and 
oxidation occurred only on the surface, the change caused by surface oxidation is not 
detectable by the conventional EXAFS, as shown later; 3) if the oxidation occurred on 
the Ge sites in the bulk, a significant increase of  σ2Ge-NN should have been found since 
Ge-O and Ge-Se bond length is quite different. Therefore, bond switching process is 
more probable to explain the different changes around Ge and Se. 
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With the bond switching mechanism, the decrease of RGe-NN and σ
2
Ge-NN can be 
explained by the larger bond length of Ge-Ge than Ge-Se, i.e. RGe-Ge (2.41 Å) > RGe-Se 
(2.36 Å). On the other hand, no change around selenium can be explained by the similar 
bond length of Se-Se (RSe-Se =2.34 Å) and Ge-Se.  
Figure 6-6 shows the Ge K edge FT-EXAFS for GexS100-x films at their as-
prepared and laser irradiated states, respectively. Ge28S72 and Ge40S60 films present slight 
increase of the magnitude of the main peak corresponding to the Ge-S bonds, while GeS2 
has no change. The change in the FT-EXAFS of Ge28S72 and Ge40S60 is subtle but 
reproducible. By fitting the FT-EXAFS, it is found that the increase of magnitude of the 
main peak arises from the slight decrease of σ2Ge-S and σ
2
Ge-Ge (~5*10
-5
 Å
2
), while the 
change of bond length and coordination of Ge-S and Ge-Ge is unresolved (within error 
bar). 
It has been presented in Chapter 4 that the photobleaching in Ge28S72 and Ge33S67 
is very remarkable while Ge40S60 is quite stable (maybe slight photodarkening). Based on 
the fact that no atomic structural change is found for Ge33S67 while strong photobleaching 
presents, and slight atomic structural change is found for Ge40S60 while no 
photobleaching exists, the slight atomic structural change found by FT-EXAFS may not 
account for the photobleaching in germanium chalcogenides; instead, photobleaching is 
presumably due to the photo-oxidation on the surface. If the photo-oxidation occurs only 
on the surface, conventional EXAFS may not be able to detect it, since the x-rays probe 
the bulk properties of the 1µm-thick film in a fluorescence measurement. 
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The presence of Ge-Ge homopolar bonds has been found by FT-EXAFS in 
chapter 5. However, these homopolar bonds appear not influenced by the laser radiation 
employed in the present experiment. The absence of bond switching in germanium 
sulfides, which is on the other hand found in Ge33Se67, is probably due to the lower laser 
energy (~2.54 eV) than the band gap of germanium sulfides (e.g. Eg~2.7 eV for Ge33S67). 
Therefore, it seems that the surface photo-oxidation requires less activation energy than 
bond switching from homopolar to heteropolar bonds.  
There are several evidences to support the assumption of surface photo-oxidation 
in germanium sulfides. Horton et al. [13] reported photo-oxidation on a-GeS2 film by 
Auger spectroscopy. It was confirmed that surface of GeS2 was not oxidized when 
exposed to O2 but without laser irradiation. O KLL (510 eV) Auger intensity increased 
with irradiation time. It was also concluded that Ge sites were preferentially oxidized 
based on the observation of more significant attenuation of Ge M2,3M4,5M4,5 (50 eV) 
Auger signal intensity than S LM2,3M2,3 (150 eV) upon exposure to UV light (Xe lamp). 
IR spectroscopy revealed the appearance of 800 cm
-1
 peak associated with Ge-O 
stretching mode when GeS2 was illuminated in air [14]. Tichy et al. observed three bands 
in IR spectra at 870, 820, and 800 cm
-1
 when Ge30S70 was illuminated. The 870 cm
-1
 
vibrational band was consistent with the dominant mode observed in GeO2 glass, while 
the 820 and 800 cm
-1
 bands were considered to be Ge-O stretching modes in S3-xOx-Ge-
O-Ge-OxS3-x clusters. On the other hand, 800 cm
-1
 band was not found in normally 
deposited GeS2, GeSe2 and GeSe3 when they were illuminated by Xe lamp; instead, the 
increased density of Ge-S (Se) bonds was found in these films after irradiation. They 
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explained the absence of 800 cm
-1
 in the same manner as we explained the unchanged 
FT-EXAFS, i.e. the oxidation occurred only on the surface, and has little effect on the 
bulk. Raman spectroscopy also revealed the appearance of 800 cm
-1
 vibrational band 
associated with Ge-O when a Ge-Ga-S film was irradiated by Hg lamp (cut-off 
wavelength @ 330 nm). 
However, there are also suggestions that photo-oxidation is not sufficient to 
explain the huge photobleaching in germanium chalcogenide films. Intrinsic structural 
change occurs as well. Kawaguchi et al. [15] compared photobleaching kinetics of 
Ge35S65 film illuminated by Hg lamp in air and vacuum, and found out that 
photobleaching in air and vacuum appeared the same at the early stage of irradiation (< 
30 min), but later photobleaching in air became more significant than in vacuum. 
Therefore, they concluded that photobleaching arises from the cooperative effects of 
intrinsic photostructural change and photo-oxidation, while photostructural change is 
considered as the major mechanism for the short-time exposure. Thermal bleaching is 
found not attributable to the surface oxidation since the oxygen concentration on the 
surface of thermally bleached film is less than the as-deposited film. According to our 
FT-EXAFS in GeSe2, we can deduce that the major intrinsic photostructural change is the 
transformation from homopolar to heteropolar bonds. 
6.3. Absence of photoinduced anisotropy and transient change of atomic 
structure 
As shown in Figure 6-1~Figure 6-5, there is neither detectable further change in 
FT-EXAFS for all the investigated glasses after the removal of laser, nor is there any 
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further change upon altering the laser polarization. This is inconsistent with Chen [12] 
and Ganjoo et al. [9]’s work where they reported the transient change of local atomic 
structure respectively. Two possibilities exist: 1) they averaged the spectra for which the 
sample was undergoing the dynamical change induced by laser irradiation; 2) their data 
statistics were not good. Two factors can affect the data statistics. One is the amount of 
sample used for EXAFS measurement. This can be overcome by using thicker sample 
and larger X-ray beam size. The other one is the photon flux, which depends on the 
beamline optics and alignment. X-19A has much higher X-ray photon flux than X18B. 
Figure 6-3 shows the photoinduced changes of atomic structure around Se measured at 
X18B and X19A respectively. Although similar results are obtained, the determination of 
bond length and disorder by X18B has much larger error bar than that by X19A. In our 
experiments, the data statistics are generally good, as demonstrated in Chapter 4 that the 
FT-EXAFS for the as-deposited As2S3 has no change from scan to scan due to either x-
ray irradiation or noise of signal. We also ensured that only the spectra after the sample 
was photo-saturated were collected for the VP and HP states (this can be seen in chapter 
7 for the time dependent change of EXAFS).  
Figure 6-7 shows the time evolution of As-S bond length for a-As2S3 samples 
illuminated by Argon laser with polarizations of VP and HP, respectively. The magnitude 
of bond length change for two polarizations is nearly the same, and the time evolution 
curves are almost parallel. This observation applies for other features as well, such as N 
and σ. Therefore, the laser polarization does not affect either the kinetics or the 
magnitude of total change. Similarly, no distinct difference of atomic structure around As 
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in a-As2Se3 is found for two different polarizations, as shown in Figure 6-8; although the 
two time evolution curves of a-As2Se3 are not as parallel as those of a-As2S3, the 
deviation of the differences of bond length along the time evolution change is within the 
error bar, and therefore the time evolution curves of As’ nearest neighbor structure in 
As2Se3 for two different polarizations follow similar kinetics as well. The observation of 
As’ local atomic structure is consistent with Chen et al.’s result [16]. Chen et al. found no 
difference between the RAs-NN at two laser polarizations. The changes of RAs-NN and RSe-
NN are much smaller than those we found. A 20-µm film was used in their measurement, 
while the effective penetration depth of the laser (Elaser (1.96 eV) > Eg (~1.8 eV)) is much 
less than the film thickness. Therefore, the change was induced in a much smaller volume 
than the total volume of the film, resulting in much smaller average change observed in 
their measurement. A distinct change was found around selenium in Chen et al.’s work. 
The difference of RSe-NN between two orthogonal polarizations after irradiation is about 
0.0014 Å, much larger than the claimed error bar (±2×10-4 Å). There are two reasons to 
concern this result: 1) the majority of homopolar bonds (As-As and Se-Se) has been 
transformed into heteropolar bonds (As-Se) during irradiation, therefore, if a significant 
difference of bond length for different polarizations was found around Se, the difference 
of similar magnitude should have been found around arsenic as well, however, no 
difference is found around As; 2) the increase of disorder during the irradiation is 
inconsistent with our observation, indicating that the magnitude of FT-EXAFS obtained 
by Chen et al. probably has a considerable error bar, which raises our concern about the 
error bar of bond length. 
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We then conclude that there is neither transient nor metastable anisotropic atomic 
structural change found. However, the absence of transient changes in atomic structure 
does not correlate with the transient changes in optical properties, indicating 
predominantly electronic processes as the source of photoinduced transient optical 
changes.  
6.4. Thermally induced structural changes 
In situ EXAFS with heat treatment in air was performed to study the thermally 
induced structural change. In a heat treatment in which the a-As2S3 was heated up to 
195
o
C and then cooled down to room temperature, the NAs-S increases from 2.32 to 2.60 
while NAs-As decreases from 0.68 to 0.40 in the heating process, but both NAs-S and NAs-As 
do not change further in the cooling down process, as shown in Figure 6-9. Therefore, a 
bond switching process similar to the photoinduced change occurs in the heat treatment, 
i.e. the As-As and S-S homopolar bonds react and transform into As-S heteropolar bonds. 
When the sample is heated up, the As-S bond length increases from 2.252 Å to 
2.266 Å. Such amount of bond length increase is only partially due to the temperature 
rise, since the As-S bond length decreases only to 2.260 Å after turning off the heater. 
The As-As bond length changes in a different manner, viz. it decreases slightly during the 
heating process and continues to decrease after turning off heater. This is understandable, 
since bond switching and heating processes cause opposite effects on the As-As bond 
length. As seen in section 6.1, As-As bond length tends to decrease in the process of bond 
switching. On the other hand, the As-As bonds should also exhibit thermal expansion. 
These two competing processes finally cause a small gross decrease of As-As bond 
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length. In the cooling down process, we see further decrease of As-As bond length, since 
the thermal expansion effect has been completely removed, leaving alone the bond 
switching effect. 
As expected, the disorder of As-S bonds increases from 2.1*10
-3
 Å
2
 to 3.4*10
-3
 Å
2
 
during the heating process and decreases to 2.0*10
-3
 Å
2
 during the cooling down process, 
due to the contribution of thermal disorder. The disorder of As-As does not change 
during heating process, but shows significant decrease after turning off heater. As seen in 
section 6.1, the As-As disorder decreases significantly in the process of bond switching. 
Therefore, the bond switching and heating treatment tend to decrease and increase the 
disorder of As-As bonds, respectively. When the sample was heated up, the effects of 
bond switching and thermal disorder compete with each other, and thus overall there is 
no change of disorder of As-As bonds. After turning off heater, the effect of thermal 
disorder is eliminated, and thus the disorder of As-As bonds decreases as that in 
photoinduced change. 
The thermally induced change of atomic structure is identical to the overall 
photoinduced change at room temperature.  In Figure 6-9, the photoinduced change is 
also included with the data points in red open symbols. The in situ EXAFS measurements 
with laser irradiation were performed at room temperature (~30
o
C). In general, there is no 
difference (within the error bar) between the photo-saturated state and the heat-treated 
state, in terms of RAs-S, RAs-As, NAs-S, NAs-As, σ
2
As-S and σ
2
As-As. Early EXAFS 
measurements by Nemanich et al. [17] found the As-S bond length increase from 2.26 Å 
to 2.27 Å and As-As bond length increase from 2.54 Å to 2.56 Å after the evaporated 
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As2S3 film is annealed at its Tg. Bond switching was also identified. Although the 
thermally induced change of As-As bond length is inconsistent with the present work, the 
general features in FT-EXAFS are similar to the present result. The structural change 
corresponding to light exposure and thermal annealing in the evaporated as-As2S3 film is 
also found nearly identical by XRD [18].  
The thermally induced structural change occurs even at temperatures much below 
Tg (~220
o
C). The structural change of a-As2S3 was tracked during the heating process in 
which temperature rose from 29
o
C to 100
o
C, as shown in Figure 6-10. The general trend 
for the changes of RAs-S / RAs-As, NAs-S / NAs-As, σ
2
As-S / σ
2
As-As is the same as that when a-
As2S3 is heated at 195
o
C, but the magnitude of changes is smaller. Therefore, the bond 
switching from homopolar bonds to heteropolar bonds is found to start even at the 
temperature much lower than its Tg (~210
o
C).  
We also examined the annealing effect in oxygen-free environments rather than 
air, i.e. vacuum (~10
-6
Torr) and N2 . As shown in Figure 6-11, the FT-EXAFS for a-
As2S3 annealed in vacuum at 210
0
C for 12 hours is identical to that of as-deposited film. 
It might be suspected that the thermally induced structural change may require the 
presence of oxygen. However, annealing in N2 shows an identical FT-EXAFS to that 
annealed in air. Therefore, the thermally induced structural change can occur without the 
presence of oxygen. It can be argued that the thermally induced structural change requires 
certain pressure. The detailed discussion can be seen in chapter 7. 
As shown in Chapter 4, vacuum annealing increases the optical band gap (Eg) of 
a-As2S3; annealing in air/N2 at higher temperature (~Tg) decreases Eg, but annealing at 
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lower temperature (e.g. ~110
0
C) increases Eg. On the other hand, as shown above, 
vacuum annealing does not change the local atomic structure, while annealing in air/N2 
changes the atomic structure even at the temperature much lower than Tg. Annealing may 
cause three processes on chalcogenide glass thin films: the internal stress introduced 
during deposition is reduced, the glass structure is relaxed, and the atomic structure is 
changed as observed in the FT-EXAFS. Since vacuum annealing does not involve the 
bond transformation, the increase of Eg is due to the removal of stress and structure 
relaxation. On the other hand, the decrease of Eg arises from the change of atomic 
structure. Therefore, the thermally induced change of Eg has complex origins; the 
increase of Eg when a-As2S3 was annealed in air (or N2) at lower temperature is a 
consequence of these three competing factors. 
6.5. Reversible Photoinduced Change in the Atomic Structure 
Both in-situ and ex-situ annealing-irradiation cycles were performed during the 
EXAFS measurements on a-As2S3 film. Annealing and illumination were performed in 
different sequence. However, the FT-EXAFS’ for annealed and illuminated a-As2S3 are 
nearly the same. On the other hand, reversible photodarkening has been clearly observed. 
Photodarkening occurs when band gap light irradiates the annealed a-As2S3. Annealing 
the photodarkened film (in air) returns the transmission spectrum of the film to the initial 
state. This process has been verified for a few annealing-illumination cycles. Therefore, 
the photodarkening of a-As2S3 annealed in air is reversible. Very few evidences have 
been found for the reversible photostructural change in chalcogenide glasses. XRD has 
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identified the reversible change of the first sharp diffraction peak (FSDP) in a-As2S3 [19], 
while early EXAFS measurements found the increase of As-S-As bond angle [20], [21]. 
Ka Tanaka [19]  reported the photoinduced reversible change of the FSDP in the 
well-annealed As2S3 film. XRD measurement on As2S3 bulk shows the photoinduced 
change at first sharp diffraction peak (FSDP) (scattering modulus, s ≈ 1.2 Å-1) [22]. The 
FSDP becomes weaker and broader after illumination, accompanying with asymmetric 
intensity enhancement at FSDP tails. The peak shifts are very small or not detected, but 
prominent for samples illuminated at low temperatures. Ke Tanaka [22] suggested that 
the FSDP is correlated with the stacked distorted layers consisting of AsS3/2 units. He 
further correlated the change of intensity integral over scattering modulus with the 
photoinduced change of interlayer distance, i.e. / * / *d d s Ids s Ids     , where d is 
the interlayer distance, I is the diffraction intensity, and s is the X-ray scattering modulus. 
He estimated Δd/d ≈1±0.5%, comparable with photoinduced volume change 
ΔV/V≈0.5%. However, the peak position has not been changed, implying that the central 
interlayer distance remains unchanged. Tanaka proposed that the overall change is due to 
the increasing structural randomness. However, the origin of FSDP in disordered medium 
is still a controversial issue. FSDP is also evidenced in some glasses without layered 
structure, such as SiO2 and GeSe2
 
[23]. Therefore, FSDP is not a definitive parameter to 
correlate with the interlayer structure. 
Early EXAFS work on reversible photostructural changes in arsenic sulfide glassy 
films was reported by Yang et al. [20]  and Zhou et al. [21]  where a-AsxS1-x films with 
stoichiometric and As-excess compositions (x= 0.40, 0.42, 0.45, 0.50) were studied in ex-
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situ condition. A very small increase of wrong bonds (As-As) was found in the 
illuminated (Argon laser, 488 nm, 500 mW/cm
2
) As2S3 (Yang et al.) and As42S58 films 
but not in As45S55 (Zhou et al.) which were pre-annealed (in Argon).  The Debye-Waller 
factor was found to increase for both As-S and As-As bonds in As42S58 and As45S55, 
while it increased for only As-S bonds but decreases for As-As bonds in As2S3 films. No 
change was found for the interatomic distance of As-S and As-As in the first shells. The 
angle of As-S-As in photosoaked films was enlarged with respect to that in the annealed 
films and showed a more random spread. Yang et al. considered the change in the second 
shells as the dominant mechanism for the reversible photostructural changes in a-As2S3. 
Yang et al also noted the change of the dihedral angle of -As-S-As-S- since no change of 
interatomic distance was found in the third As-S shell. 
It should be pointed out that Yang et al. and Zhou et al. performed irradiation on 
the sample in liquid nitrogen (77K), while we irradiated our films at room temperature. 
We did not observe any difference in FT-EXAFS between the annealed and irradiated (at 
room temperature) samples. Therefore, the reversible change in FT-EXAFS is 
discernable only when the sample was irradiated at low temperature. It has been found 
that photdarkening at lower temperature exhibits higher magnitude.  
Another suggestion for the mechanism of reversible photodarkening is 
photoinduced creation of defects in chalcogenide glasses. ESR study at low temperature 
reveals the increase of spin number during illumination. Photo-creation of metastable 
defects has also been used for the explanation of the fatigue of photocurrent. 
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Ab initio calculations also suggest photoinduced creation of defects. For example, 
we note Drabold et al.'s ab initio molecular dynamic simulation [24], [25], which is based 
on a time frame less than 1 ps. Different defect processes are found in two time regimes: 
new IVAPs are generated and redistribute into RVAPs within time frame <500 fs; after 
that, further redistribution of RVAPs causes a collective motion. Ab initio quantum 
chemistry calculations in a small As-S cluster (terminated with H) also suggest some new 
types of VAP defects [10], [26], [27], [28]. For example, Uchino et al.’s ab initio 
calculation on a small As-S cluster (bond terminated by H) found out one new type of 
VAP defect containing a As-As bond with higher energy level. 
6.6. Summary 
In situ EXAFS was used to study the photostructural changes in arsenic and 
germanium chalcogenide glassy films. In summary, our results on arsenic chalcogenide 
glassy films show that the photostructural changes mainly occur in the atomic structure of 
first-, second-, and third-coordination shells. The modification in the first shell is the 
most striking change: (1) the As-Ch bond length increases, (2) most of the As-As wrong 
bonds are broken and transform into As-Ch bonds, and (3) the average As-As bond 
length decreases. However, the changes in the second shell are composition dependent: 
for As2S3, the second peak becomes sharper, while the third peak becomes more diffuse 
after irradiation; for As45S55 and As30S70, both the second and third peaks become weaker. 
The decrease of third peak suggests the increase of randomness of layer spacing and 
distance between As and its third neighbors. 
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The photostructural change in GeSe2 involves a photoinduced reaction, i.e. 
2Ge Ge Se Se Ge Se     . While no photostructural change is found in germanium 
sulfides by EXAFS to account for the significant photobleaching in these films. 
Photobleaching in germanium chalcogenides may be attributed to two factors: bond 
transformation and surface oxidation. However, surface oxidation may have more 
pronounced effect on photobleaching given sufficient irradiation time. 
Thermally induced structural change (in air/N2) was studied in as-deposited a-
As2S3 film, and was found identical to the photostructural change. However, the 
annealing environment may have different effect. No structural change was found when 
a-As2S3 was annealed in vacuum.   
Finally, in our work, there is no structural change found by EXAFS accounting 
for photoinduced transient, metastable and anisotropic changes which are on the other 
hand present in photoinduced change of optical properties.  
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Figure 6-1: The FT-EXAFS (a) and the extracted structural parameters, such as bond 
length (b), disorder (c) and coordination number (d) of a-As2S3 film at different sample 
stages: AP, VP, HP, and OFF. 
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Figure 6-2: The FT-EXAFS (a) and the extracted structural parameters, such as bond 
length (b), disorder (c) and coordination number (d) of a-As45S55 film at different sample 
stages: AP, VP, HP, and OFF. 
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Figure 6-3: The FT-EXAFS for As K edge (a) and Se K edge (b), and the extracted 
structural parameters, such as bond length (c, d), and disorder (e, f) of a-As2Se3 film at 
different sample stages: AV/AP, VP, HP, and OFF. “AV” represents the As2Se3 annealed 
in vacuum at 184
0C for 24 hours, while “AP” represents the as-prepared As2Se3 film. 
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Figure 6-4: The FT-EXAFS (a) and the extracted structural parameters, such as bond 
length (b), disorder (c) and coordination number (d) of a-As30S70 film at different sample 
stages: AP, VP, HP, and OFF. 
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Figure 6-5: The FT-EXAFS of Ge K edge (a) and Se K edge (b), and the extracted 
structural parameters, such as bond length (c,d), and disorder (e,f) of a-GeSe2 film at 
different sample stages: AP, VP, HP, and OFF. 
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Figure 6-6: The photoinduced change of FT-EXAFS for a-Ge-S films. 
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Figure 6-7: Two As2S3 samples illuminated by laser of two different polarizations, 
respectively: one is horizontally polarized, thus parallel to X-ray electric field (HP, blue 
curve), and the other one is vertically polarized, thus orthogonal to X-ray electric field 
(VP, red curve). 
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Figure 6-8: Two As2Se3 samples illuminated by laser of two different polarizations, 
respectively: one is horizontally polarized, thus parallel to X-ray electric field (HP, blue 
curve), and the other one is vertically polarized, thus orthogonal to X-ray electric field 
(VP, red curve). 
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Figure 6-9: Comparison of the thermally induced and photoinduced structural changes in 
a-As2S3. 
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Figure 6-10: The change of extracted structural parameters when a-As2S3 was heated 
from room temperature (29
o
C) up to 100
oC. “29~70oC” represents the scan during which 
the temperature rises from 29
o
C to 70
o
C.  
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Figure 6-11: The As K edge FT-EXAFS for the as-prepared and vacuum-annealed a-
As2S3 film. Annealing was performed in vacuum (10
-6
 Torr) at 210
o
C for 12 hours. 
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Chapter 7: Kinetics of photoinduced changes 
Upon photoexcitation of chalcogenide glasses, the valence electrons are promoted 
into conduction band, while the holes are created in the valence band. These carriers 
undergo thermalization, diffusion, trapping, and recombination. Due to the loss of 
electrons at valence band, the bonds may be dissociated and new bonds may be 
reconstructed, leading to the rearrangement of atoms. On the other hand, the carriers may 
be self trapped through distortion of the local atomic structure. In addition, the absorption 
of photons generates heat as well. Therefore, photoexcitation consists of complex 
processes, involving atomic, electronic, and thermal processes. These processes are 
interconnected and difficult to differentiate; however, they may occur at different time 
scales and follow distinct kinetics. By looking into the behavior of materials upon 
photoexcitation at various time scales, these processes may be separated. In this chapter, 
the kinetics of photoinduced optical absorption, photoexcited electronic processes, and 
photostructural changes, will be presented. 
7.1. Slow kinetics of photoinduced optical absorption 
This section is to provide a general picture of the time dependent behavior of 
photoinduced change of optical absorption in chalcogenide glasses, by discussing the 
kinetics of transient, metastable and permanent photodarkening in the model material, a-
As2S3 film. In situ dynamic optical transmission spectroscopy was used to track the time 
dependence of photoinduced change of optical absorption. 
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Figure 7-1 shows the relative change of absorption coefficient, ∆α/α0 where α0 is 
the initial absorption coefficient, as a function of laser irradiation time measured at 
different wavelengths during transient photodarkening. The absorption coefficient 
increases with laser irradiation time and the kinetics follows a stretched exponential 
function:  
  1
t
mt e

 
 
 
 
 
    
 
       (7.1) 
where ∆α and ∆αm are the photoinduced change and the maximum change of absorption 
coefficient at the measured wavelength, τ is the time constant, and 0<β<1 is the 
dispersion constant. The change of absorption coefficient is approximated by
1 'T
Ln
d T

 
    
 
, where d is the thickness of sample, T is the initial transmittance, and 
T’ is the transmittance after laser irradiation time t. 
Table 7-1 lists the fitting parameters. The maximum relative change of optical 
absorption coefficient, ∆αm/α0, is about 0.11 ~ 0.23, the time constant τ is 19~25 sec, the 
dispersion parameter β is 0.75~0.80. It should be noted that the time constant depends on 
the laser power density. In general, as the laser power density increases, the time constant 
becomes smaller, or the kinetics becomes faster. The maximum relative change of optical 
absorption increases as the measured wavelength moves to lower absorption region of the 
absorption edge. Therefore, the photoinduced effect is more pronounced at the lower 
absorption region over the wavelength region we measured. 
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Figure 7-2 shows the relaxation of transient photodarkening after switching off 
the laser. The absorption coefficient decreases slowly and the kinetics follows a stretched 
exponential function: 
 
t
t OFF mt e

   
 
 
     
         (7.2) 
where αOFF is the optical absorption when the sample is completely relaxed after 
switching off laser. Table 7-2 lists the characteristic parameters for the relaxation of 
transient photodarkening in a-As2S3. Comparing with transient photodarkening, the 
relaxation is a much slower process with time constant of 1000~1400 sec, and possesses 
much smaller dispersion parameter with the value of 0.36~0.42. 
In contrary to the transient photodarkening and its relaxation process which can 
be well described by stretched exponential function, the total photodarkening of as-
deposited a-As2S3 film exhibits more complex kinetics. Figure 7-3 shows the 
photoinduced change of optical absorption measured at 470 nm (within the medium 
absorption region) as a function of irradiation time. The best approximation by equation 
7.1 gives β 1, i.e. the total photodarkening does not follow the stretched exponential 
expression. No reasonable fitting was obtained for the measured wavelengths over the 
optical absorption edge. 
However, the total photodarkening can be well fitted by the following double 
exponential equation: 
 224 
 
1 2
1 2
1 21 1
t t
t e e
 
 
  
   
    
   
   
         
   
                  (7.3) 
Figure 7-3 (a) shows both the single and double exponential fitting to the total 
photodarkening of as-deposited a-As2S3. Apparently, the adoption of double exponential 
function considerably improves the fitting compared with the single exponential function. 
We also note that the fitting by double exponential function gives two dispersive 
parameters, β1 1.7and β2 0.8. Therefore, the kinetics of total photodarkening consists of 
at least two processes: one follows stretched exponential function with smaller magnitude 
and longer time constant and the other one follows compressed exponential function with 
larger magnitude and shorter time constant. The component with stretched exponential 
function probably corresponds to the transient photodarkening, while the other one 
obeying the compressed exponential function may be related with the combination of 
permanent and metastable changes. According to the obtained time constants from the 
fitting, it can be also seen that the kinetics of transient photodarkening in the process of 
total photodarkening is slower than the others. As the permanent and metastable changes 
modify the structure of material, the optical bang gap energy decreases, subsequently, 
optical excitation becomes more effective and introduces further transient 
photodarkening which therefore lags behind the permanent and metastable changes.    
Experiment with lower laser power density confirms the assignment of kinetics 
component of stretched exponential function to transient photodarkening. Figure 7-3 (b) 
shows the single and double exponential fitting to the total photodarkening of as-
deposited a-As2S3 film irradiated by 488 nm laser of 10 mW/cm
2
. Both single and double 
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exponential functions provide reasonable fitting. The fitting by single exponential 
function gives the dispersion parameter β  1.1. Although the double exponential function 
improves fitting comparing with the single exponential function, the component of 
stretched exponential function is missed. The absence of stretched exponential kinetics 
component is because of the smaller excitation laser intensity which introduces smaller 
magnitude of transient photodarkening of stretched exponential kinetics. In addition, a 
larger time constant is also observed, as the smaller laser intensity leads to slower 
kinetics. The smaller magnitude of total photodarkening is exclusively because of the 
decreasing magnitude of transient photodarkening, which can be verified by measuring 
the laser intensity dependence of photodarkening, as discussed below.  
Figure 7-4 (a) shows the photodarkening induced by 488 nm laser of different 
laser power. The sample is first completely photodarkend and fully relaxed after 
switching off laser. Switching on laser again, the transient photodarkening is observed. 
As we increase the laser intensity from 5 mW, to 10 mW and to 20 mW, the magnitude of 
total photodarkening increases. In Figure 7-4 (b), the relaxation processes for the 
photodarkening induced by laser of 10mW and 20mW are compared. When turning off 
the laser, the transmittance increases with time and reaches the maximum after about 
three hours. The laser power changes the magnitude of the transient change, but after 
switching off the laser, the transmittance relaxes to the same for different laser powers. 
The same result is observed for both medium and high absorption region. Although the 
magnitude of total photodarkening is different for different laser power density, the 
transmittance of fully relaxed state is the same. In other words, the laser power density 
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affects only the magnitude of transient photodarkening rather than the gross 
photodarkening. In addition, it is found that the magnitude of transient photodarkening is 
not linearly proportional to the laser power density. 
In summary, the transient and total photodarkeing follow distinct kinetics. 
Tansient photodarkening and its relaxation follow stretched exponential function with 
dispersion parameter β well below 1. The kinetics of total photodarkening is more 
complicated and consists of at least two components. One component follows the 
stretched exponential function and corresponds to the transient photodarkening. The other 
component follows the compressed exponential function and is associated with a 
combination of the metastable and permanent changes. Transient photodarkening is laser 
power dependent, while the summation of metastable and permanent photodarkening is 
independent of laser power. In any case, the laser power density affects the kinetics of all 
types of photodarkening. 
7.2. Slow kinetics of photostructural changes 
7.2.1. Kinetics of photostructural changes observed by conventional EXAFS 
The photoinduced change of optical absorption reaches saturation after ~1000s of 
laser irradiation with low intensity (~20 mW/cm
2
), while the acquisition time for one 
XAS spectrum is ~10~20 minutes. By tuning the kinetics of photoinduced changes 
through adjusting the laser power, it is possible to resolve the dynamical change of 
atomic structure by conventional XAS, given high data quality. In this section, the 
dynamical change of atomic structure in As40S60, As45S55, As30S70, As40Se60 and GeSe2 is 
presented. 
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Figure 7-5 shows the time evolution of As K edge FT-EXAFS for As2S3 
irradiated by 488 nm laser. The first main peak in FT-EXAFS, associated with As-S 
bonds, gradually increases in magnitude and shifts to larger distance as the laser 
irradiation time increases; the change of FT-EXAFS is finally saturated after laser 
irradiation time for three XAS scans (the time period for one EXAFS scan is ~11 minutes 
in this case). The hump at the right side of the main peak, associated with the As-As 
bonds, is almost diminished within laser irradiation time of one XAS scan; the changes of 
the peaks associated with the 2
nd
 and 3
rd
 neighbors are saturated correspondingly. 
Therefore, the kinetics of changes of As-As bonds, 2
nd
 and 3
rd
 neighbors are faster than 
the change of As-S bonds. 
Figure 7-6 show the time evolution of changes of bond length, disorder, and 
coordination number for both As-S and As-As bonds. The size of horizontal error bar is 
the time period of one XAS scan.
 
RAs-S increases with laser exposure time and becomes 
saturated with the largest increase of ~0.012Å after laser irradiation time for three or four 
XAS scans (about 1650~2310 sec). The time dependent change of RAs-S can be 
empirically fitted by the following exponential expression: 
1 expm
R
t
R R

    
       
           (7.4) 
where ∆R and ∆Rm are the change at time t and the maximum change of bond length, and 
τR is the time constant. The fitted time constant for the change of RAs-S is ~393 sec, 
comparable with the time constant obtained from the change of optical absorption. No 
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further change of RAs-S is found when altering the laser polarization or eliminating the 
irradiation.
 
As the laser exposure time increases, the RAs-As decreases and becomes saturated 
with the maximum decrease ~0.01Å. It can be fitted empirically by equation 7.4 as well. 
It appears that the change of RAs-As is faster than RAs-S, since the change of RAs-As starts to 
be saturated within the irradiation time of one XAS scan. The fitting also shows a smaller 
time constant ~ 216 sec for the change of RAs-As than RAs-S. However, it should be noted 
that the time constant extracted from the fitting has a large uncertainty because of the 
error of bond length determination and the limited data points available. 
The disorder of As-S bonds σ2As-S remains constant during laser irradiation, while 
σ2As-As decreases as the laser exposure time increases. The σ
2
As-As is fitted empirically by 
the following expression: 
2 2 1 expm
t

 

    
       
          (7.5) 
The change of σ2As-As becomes saturated after laser irradiation time for three XAS 
scans and is much slower than that of RAs-As. The fitting shows the change σ
2
As-As has a 
larger time constant of ~1062 sec. 
The coordination number NAs-S increases while NAs-As decreases as the laser 
exposure time increases. NAs-S and NAs-As are fitted empirically by the following 
expressions respectively: 
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1 expm
N
t
N N

    
       
            (7.6.1) 
and 
 
1 expm
N
t
N N

    
       
         
                (7.6.2) 
The fitting gives time constants of 564 sec and 770 sec for NAs-S and NAs-As, respectively, 
which are larger than that of RAs-S change. Despite the uncertainty of time constants, the 
changes of coordination number for both NAs-S and NAs-As appear slower than the changes 
of As-S and As-As bond lengths. 
Figure 7-7 shows the time evolution of As K edge FT-EXAFS when a-As45S55 
was irradiated with 488 nm laser. The change of FT-EXAFS for a-As45S55 is similar to 
but more pronounced than that for a-As40S60. Figure 7-8 shows the time dependent 
changes of RAs-S/RAs-As, σ
2
As-As, and NAs-S/NAs-As of As45S55, very similar to those of 
As40S60, however, As45S55 appears to have slightly faster kinetics than As40S60. Similar to 
As40S60, the change of As-As bond length in As45S55 has faster kinetics than other 
parameters. Figure 7-9 shows the change of FT-EXAFS for As30S70. More apparent 
change is found for peak associated with the 2
nd
 neighbor rather than the first main peak. 
Figure 7-10 shows the time evolution of the structural parameters for the 1
st
 shell of a-
As30S70. Only RAs-S shows slight increase with the magnitude of ~0.0015Å after 
irradiation, while the other parameters have no change or remain unresolved. Overall, the 
kinetics of As30S70 is slower than for As40S60 and As45S55. 
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Since the K edge of sulfur is at much lower energy than that of arsenic, the XAS 
for sulfur K edge has to be measured independently at a different beamline. The 
measurement of sulfur K edge has been done at the beamline X19A; however, no reliable 
data was obtained to resolve the change of atomic structure around sulfur atoms. On the 
other hand, we are able to track the time dependent changes of atomic structure around 
both elements present in GeSe2 and As2Se3 respectively.  
Figure 7-11 shows the time evolution of average bond length and disorder as 
GeSe2 was irradiated with 532 nm laser. RGe-NN and σ
2
Ge-NN decreases gradually with time 
constants 2969 sec and 4496 sec respectively, while there is no resolvable change found 
for RSe-NN or σ
2
Se-NN. In contrast, As2Se3 shows clear changes of atomic structure around 
both As and Se when irradiated with 660 nm laser, as shown in Figure 7-12. As the laser 
irradiation time increases, both RAs-NN and RSe-NN increase but with rather different 
magnitude and with the time constants 1242 sec and 1580 sec, respectively. On the other 
hand, σ2As-NN and σ
2
Se-NN decrease as the irradiation time increases. The time constants for 
the change of disorder, especially σ2Se-NN, are larger than those for bond length change. It 
appears that the changes of RSe-NN and σ
2
Se-NN have slower kinetics than RAs-NN and σ
2
As-
NN, respectively. In addition, the kinetics of changes of structural parameters of GeSe2 
and As2Se3 are much slower than those of arsenic sulfides. 
The time evolution of atomic structure change was compared for as-deposited and 
vacuum-annealed As2S3 thin films irradiated at various laser intensities, respectively. 
Figure 7-13 (a, c) shows the FT-EXAFS of As K edge for as-deposited and vacuum-
annealed As2S3 before and after irradiation at various laser intensities. No difference of 
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the FT-EXAFS (including 1
st
, 2
nd
, and 3
rd
 shells) is found for As2S3 irradiated by 
significantly different laser intensity varying from 5 mW to 30 mW. Figure 7-13 (b, d) 
show the time dependent change of RAs-S when As2S3 thin films were irradiated by 
various laser intensities. The change of As-S bond length increase becomes faster as the 
laser intensity increases, while the maximum change remains the same despite the 
significantly different laser intensity applied. The same observation is obtained for 
disorder as well as coordination number. Therefore, the increase of laser intensity 
accelerates only the kinetics of atomic structure change, while the magnitude of change is 
not affected.  
At this point, we note that the optically and thermally induced changes of 
structure differ in regard to the effects of laser intensity and annealing temperature. As 
described in Chapter 6, the optically induced change of atomic structure is identical to the 
thermally induced change when the sample is annealed at the temperature around Tg 
(~210
0
C). However, the thermally induced change when the sample is annealed at 100
0
C 
is much smaller than that when annealed at Tg, as shown in Figure 6-10. Therefore, the 
thermally induced change at 100
0
C is incomplete. On the other hand, the saturated values 
of photoinduced change of atomic structure are the same for various laser intensities. In 
other words, the change in the case of laser irradiation is complete despite the laser 
intensity. 
What causes the difference between thermally and optically induced changes? 
The thermally induced change involves the chemical reaction,           
       , which follows the principles of chemical reaction equilibrium 
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thermodynamics. The temperature dependence of the chemical reaction equilibrium can 
be given by the Van’t Hoff equation: 
    
  
 
   
   
           (7.7)  
where K is the chemical reaction equilibrium constant, T is the temperature, R is universal 
gas constant, and     is the standard enthalpy change for the reaction. If the thermally 
induced reaction in a-As2S3 is endothermic, i.e.      , the reaction equilibrium 
constant K increases as the temperature rises. Therefore, the reaction reaches equilibrium 
with a lesser extent of completeness at lower annealing temperature, as shown in Figure 
6-10.  
On the other hand, we did not observe any thermally induced structural change 
when annealing in vacuum, as shown in Figure 6-11. The pressure dependence of the 
chemical reaction equilibrium can be given by the following equation: 
 
    
  
 
 
  
  
  
              (7.8) 
where P is the pressure and    is the change of volume after the reaction. If the 
thermally induced reaction in a-As2S3 reduces the local volume of the sites of homopolar 
bonds, the reaction equilibrium constant K increases as the pressure increases. When 
annealing in vacuum with the pressure of ~10
-6
 Torr, the K value should be small due to 
the dramatic decrease of pressure relative to atmosphere pressure. However, the change 
of local volume due to the reaction should be determined to verify the validity of the 
effect of pressure.  
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In contrast to the thermal reaction, the photoreaction is achieved through a series 
of photoexcitation processes involving the bond dissociation and rebonding. In the 
photoreaction, the degree of reaction depends on the number of photons absorbed by the 
reaction sites (homopolar bonds). The reaction can be still complete given sufficient 
number of photons. Therefore, the completeness of reaction does not depend on the light 
intensity. With higher light intensity, the reaction simply proceeds more swiftly.  
7.2.2. Details of kinetics of photostructural changes by Q-XAS 
Although the general trend of atomic structure change can be obtained by 
conventional XAS, it is difficult to acquire the accurate kinetics due to the limited 
available data points during the process of photoinduced changes. Quick XAS 
significantly shortens the data acquisition time (~1 sec per spectrum) through driving the 
monochromator at much higher speed (~30 Hz), thus providing great details of the 
kinetics. Since the scanning speed in Q-XAS has been increased several hundred times 
faster relative to the conventional XAS, the integration time for each data point has been 
reduced to a large extent, and thus the data quality (signal-to-noise ratio) is significantly 
degraded. To obtain reliable data, thicker films (~8 μm) were used for Q-XAS 
measurements, and larger number of XAS scans (~30) was averaged during the analysis. 
Figure 7-14 (a) shows the k
2
-weighted FT-EXAFS during laser irradiation 
obtained by Q-XAS. Comparing with Figure 7-5, it can be seen that Q-XAS technique is 
able to resolve more intermediate-state atomic structure during the process of 
photoinduced change. Figure 7-14 (b) shows the FT-EXAFS for the sample’s 
unilluminated state (0 sec) and photosaturated state (140*tc, ~96 min). However, the huge 
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amount of data also brings great difficulty for its analysis. To manage the large data set, 
the fitting is simplified by using only the scattering path between As and S, and the 
residual with shaded pattern is associated with the As-As homopolar bonds. It is found 
that the residual part decreases in the process of photoinduced changes, indicating that the 
As-As homopolar bonds are broken by light irradiation and finally transformed into As-S 
heteropolar bonds.  
Since the fitting is done by using only As-S scattering path, the extracted fitting 
parameters, especially bond length and coordination number, predominantely represent 
the information of As-S bonds. These fitting parameters may not be as accurate as those 
extracted by using both As-S and As-As scattering paths. On the other hand, the extracted 
disorder parameter may be largely contaminated by the chemical disorder due to the 
coexistence of As-S and As-As bonds, and thus we consider the disorder parameter as the 
averaged disorder for both As-S and As-As bonds. In general, the approximation using 
As-S scattering path simplifies the analysis, yet it gives appropriate atomic structure 
parameters. Figure 7-15 shows the RAs-S, the normalized NAs-S, and ∆σ
2
As-NN as a function 
of laser irradiation time. Here the normalized NAs-S is defined as Nnorm=NAs-S/NAs-S, max. 
The laser irradiation was terminated after about 100-min illumination to examine the 
transient change, as indicated by the arrows in the figures. It is confirmed again that there 
is no resolvable transient change.  
Both RAs-S and normalized NAs-S increase with illumination time and can be well 
fitted by equations 7.4 and 7.6.1. The maximum change (∆Rm) and time constant (τR) for 
the change of RAs-S are about 8.6×10
-3
Å and 2155 sec, respectively. As for the 
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normalized  NAs-S, the maximum change is about 0.07, and the time constant is about 
1918 sec. Note that the relatively larger time constants comparing with the results shown 
in section 7.2.1 are due to the rather small laser intensity used in the Q-XAS 
measurements. The disorder degree σ2 decreases as the laser irradiation time increases 
and can be described by equation 7.5. The maximum change ∆σm
2
 and time constant are 
4∙10-4Å2 and 898 sec, respectively. The decrease of σ2 is predominantely due to the 
decrease of chemical disorder, i.e., the transformation of homopolar bonds into the 
heteropolar bonds. Unlike the results in section 7.2.1, the time constant for the change of 
σ2 is much smaller than those of bond length and coordination number changes. It can be 
due to the fact that the σ2 in this fitting is complicated by three factors, i.e. structural 
disorder for As-S and As-As bonds respectively, and the chemical disorder.    
In summary, the time dependent behavior of photostructural change has been 
studied by conventional EXAFS and Q-XAS. Tracking the dynamical change of atomic 
structure confirms the reliability of the results of photostructural changes described in 
Chapter 6. Q-XAS provides great detail of the time dependent change of atomic structure 
during laser irradiation. The kinetics can be empirically fitted by exponential functions. 
The changes of bond length, coordination number and disorder, may exhibit different 
kinetics. The kinetics becomes faster as the laser intensity increases while the magnitude 
of change is independent of laser intensity. Consistent with the results presented in 
Chapter 6, there is neither resolvable transient change nor resolvable photoinduced 
anisotropic structure in the studied chalcogenide glass films.  
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7.3. Fast photoexcited electronic process 
It has been well accepted that ChGs exhibit dispersive (non-Gaussian) electronic 
transport over a wide time regime [1]: the injected carrier packet in a time-of-flight (TOF) 
experiment spread out in a non-Gaussian manner, and thus the transient signal presents a 
power-law behavior, i.e. ~tα
-1
 for times less than transit time tT and ~t
-(1+α) when t≥tT 
where tT is the transit time of carriers; the transient photocurrent in a photoconductivity 
(PC) experiment  follows a single power-law decay as t 
-1
 over several decades of times. 
This power-law decay has been considered as a time-scale invariable property in 
amorphous materials [2]. The origin of dispersive carrier transport can be envisaged 
either as a multiple trapping (MT) and releasing due to the presence of localized states in 
the band gap of amorphous semiconductors, or carrier hopping in the iso-energetic 
localized states with a distribution of separating distances because of the disorder. The 
MT process has been well recognized as the origin of the dispersive transport in ChGs. 
On the other hand, holes have been considered to dominate the electrical properties in 
most of ChGs, such as Se, As2S3, As2Se3, As2Te3 and GeS2, while the role of electrons 
still remains unknown or unresolved. In this section, we describe the carrier diffusion 
process at nanosecond time-regime in a-As2Se3, which was studied by transient grating 
technique. 
The photoexcited electronic process at the time scale of nanoseconds was studied 
by transient grating method in [3]. Figure 7-16 (a) shows typical curves of diffracted 
beam intensity (Id) as a function of time when a-As2Se3 was excited by the pump beams 
with the same angle but different intensity. Following photoexcitation of the pump laser 
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pulse, the diffracted beam intensity rises rapidly up to a maximum point and subsequently 
decreases until it reaches the stable state. The peak intensity of diffracted beam becomes 
larger as the pump laser power increases. Figure 7-16 (b) shows the curves for the time 
dependent change of diffracted beam intensity at different grating spacing but the same 
pump laser power [3]. The decay process extends for longer time as the grating spacing 
becomes larger.  
In contrast to the power-law behavior observed in PA and PC experiments, the 
transient signals in our experiment relax as an exponential decay,            where    
is the decay time. The well-defined diffusion time constant indicates that the carrier 
transportation in this short time-regime is non-dispersive. It was confirmed by varying 
the intensity of the excitation pulses that saturation effects were avoided and that the 
decay dynamics remained exponential for all spatial periods and illumination fluencies 
[3].  
Figure 7-17 shows the exponential decay time constants for all spatial periods 
used [3]. Here the decay time is quadratically dependent on the spatial grating period Λ. 
One can clearly see the transition from a diffusion dominated region for short transport 
lengths below Λ≈2μm to a lifetime-dominated region where the decay time of the signal 
is given by the lifetime and is independent of the transport length. It was obtained that a-
As2Se3 has a carrier diffusion constant D= (2±0.25)×10
-3
 cm
2
/s, a mobility   =0.08±0.01 
cm
2
V
-1
s
-1, and a lifetime τ0=2.2±0.3 μs [3]. The obtained carrier mobility is five orders of 
magnitude greater than drift mobility in As2Se3 measured by time-of-flight technique [4]. 
With this mobility and diffusion times, the average traveling distances (diffusion lengths) 
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can be estimated as 
1/2( / )D BL k T e , about 100 nm~250 nm for a diffusion time 
ranging from 50 to300 ns. 
Excited by photons with energy higher than the band gap of a-As2Se3, the 
electrons and holes separate from each other significantly, rapidly fall below the mobility 
edge within picoseconds [ 5 ],
 
then thermalize into localized states, and eventually 
recombine through a diffusion-limited trapping process by defect states [ 6 ]. The 
thermalisation process follows the form [7] of E= E0-kTlnν0t  where E is the energy of 
states to which the carriers fall at the observation time t, E0 is the energy of the mobility 
edge, and ν0 is the phonon frequency ~10
12
~10
13
 s
-1
. Applying this relation, the 
photoexcited carriers in our experiment continuously thermalize into the localized states 
as far as ~0.37 eV below E0 within the lifetime of carriers (~2.2μs). Within the diffusion 
times of 50~300 ns corresponding to the three shortest Λ’s, the carriers fall down to about 
0.27~0.32 eV below E0. 
The diffusion of carriers in the localized states of amorphous semiconductors 
involves two mechanisms, viz. trap-controlled band states transport and a variable-range 
hopping between localized states, resulting in two types of mobility μext and μhop [8] 
respectively, which gives the overall mobility μ=μext+μhop. Assuming that the density of 
localized states has an exponential distribution [9,
 
10]                   , where 
         , NL is the total number of localized states, T0 is the width of the exponential 
and  E=E-E0, the thermallization process described above directly leads to the following 
time-dependent mobility for trap-controlled band states transport
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where μ0 is the mobility at the states just above E0, n0 and nt are the numbers of carriers 
excited to extended states and remaining in the localized states respectively, and 
θ=g(E0)/g0. As the time progresses, the carriers thermalize into deeper states which 
require higher activation energy to promote carriers into the energy levels above mobility 
edge, which leads to a smaller mobility because of the decreasing ratio between n0 and nt. 
It is easily understood that the mobility in a-As2Se3 measured by TOF is usually much 
smaller, ~10
-7
 cm
2
V
-1
s
-1
, since the mobility (for hole) is normally adopted at the transit 
time with the order of milliseconds corresponding to an activation energy of ~0.5 eV.
 
If we use μ0θ=0.2 cm
2
V
-1
s
-1, ν0=10
12
 s
-1
 and T0=550 K which have been used to 
account for the photoconductivity in a-As2Se3 [11] over a wide time region of 50 ns~100s, 
the carrier mobility μext falls into the range of 8.66×10
-3
~6.48×10-4 for 1~300 ns. 
Monroe [12] further proposed that the carriers cannot be thermally activated up to the 
states above mobility edge but to a certain localized state with energy 
Et=kT0ln(8α
3
/27NL)-3T0ln(T0/T), where α-1 is the decay length of the wave functions, 
after a critical time τc=ν0
-1
exp(3T0/T), thus τc 280 psec at room temperature in a-As2Se3; 
if so, the mobility should be even smaller and of approximately the order of that for 
hopping conduction.  
As for the hopping conduction, the hopping rate follows the form of νh=ν0exp(-
2αR-w/kT) where w is the activation energy for hopping, and R is the hopping distance 
depending on the number of available states.
 
It was estimated that the hopping mobility is 
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less than 10
-2
 cm
2
V
-1
s
-1
 even in the case of very high density of localized states [13], 
while hopping between deep trap states is nearly negligible because of the low density of 
deep states. In addition, it can be expected that the hopping mobility is time-dependent as 
well, since the density of states decreases as the carrier thermallization proceeds.  
The mobility described above is apparently too small and is also dispersive to 
account for the features of the transport behavior we observed. This fact leads one to infer 
that one type of the carriers has a non-dispersive and relatively high mobility but with 
short lifetime. Hole clearly fails to qualify for this characteristic, since its mobility has 
been manifested to be very dispersive by TOF measurement and its transport behavior 
can be observed over a wide time regime ≥10-8s [14]. In contrast, the absence of non-
Gaussian dispersive transport may be attributed to the excited electrons if the distribution 
of density of conduction band tail states is much steeper than the valence band tail states, 
viz. the photoexcited electrons may have reached the bottom of the tail states within the 
time resolution of our measurement, which can be understood by considering the 
electronic structure of ChGs. In ChGs the top of valence band is contributed by the lone-
pair p-electrons of chalcogens while the conduction band is associated with the σ* 
antibonding states
 
[15]. Considering a layer-structured ChG, the shape of valence band 
top is affected by the interlayer interaction through the lone-pair electrons of chalcogens, 
and thus a long tail above the mobility edge of valence band is expected due to the high 
disorder along the layers. In contrast, the conduction band tail may be much steeper since 
the corresponding disorder is limited to the local atomic configuration. On the other hand, 
electrons may have shorter lifetime than holes due to a capturing process proposed by 
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Street [16] that the mobile electron is captured by a positively charged defect D
+
 and then 
forms a neutral defect D
0
 which subsequently releases a hole and a negatively charged 
defect D
-
, i.e. e+D
+→h+D-. This may be a reason why the electron mobility is hardly 
resolved by TOF in which the time span of measurement is usually much longer than the 
lifetime of electrons and the sample thickness also exceeds the traveling distance of 
electrons within their lifetime. Furthermore, prior to being completely captured, the 
electrons may have higher mobility, while the holes may move by a mechanism of small-
polaron transport proposed by Emin [17]. Since the holes locate at the top of valence 
band, they are more likely associated with the local lattice distortion and thus more easily 
self-trapped to form small polarons.  
In summary, a non-dispersive transport behavior was observed at the time scale of 
nanoseconds and over short transport distance, the obtained carrier mobility was found 
significantly greater than that observed in TOF and PC experiments, and thus an electron-
related diffusion was inferred. The photoexcited electrons dominate the transport 
behavior of relatively high mobility and absence of dispersion observed at nanoseconds 
time scale in a-As2Se3, while the diffusion of holes is dispersive and of low mobility. The 
absence of electron transport during TOF experiments on most of chalcogenide glasses 
may be attributed to its short life time. This theory equally applies to other chalcogenide 
glasses in which the holes have been considered in the past as the dominant carrier. For 
example, Aoyagi [ 18 ] also observed an exponential decay of diffracted signal and 
relatively large carrier mobility (5.4×10
-2
 cm
2
V
-1
s
-1
) in a-As2S3 within times less than the 
carrier lifetime of ~7 μs [19]. 
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7.4. Fast photoexcited atomic process 
Atomic movement initiated by ultrafast laser excitation has been observed at short 
timescales of femtoseconds through picoseconds. Time-resolved X-ray diffraction 
technique has been successfully applied to study the temporal evolution of atomic and 
molecular structure. It can provide deep insight into many microscopic physical processes, 
such as electron-phonon coupling, chemical bond breaking which occurs within 
femtoseconds, thermal motion (lattice dynamics) at picoseconds, phase transition at 
femtoseconds, and the ligand migration process observed at hundred of picoseconds. 
Rischel et al. [20] showed the increasing disorder of constituent atom arrangement in a 
Langmuir-Blodgett multilayer film at subpicosecond timescale by ultrafast laser heating.
 
Siders et al. [21] observed non-thermal and thermal melting of Ge crystal over a few 
picoseconds. Acoustic phonon propagation in GaAs crystal generated by 30-fs laser pulse 
was monitored over a time range of 300 ps [22]. Bargheer et al. [23] proved the 
mechanism of displacive excitation of acoustic phonon (coherent lattice motion around a 
new equilibrium) in a semiconductor superlattice under strong excitation. Cavalleri et al. 
[24] studied the lattice dynamics in germanium crystal. Ihee et al. [25] followed the 
dynamical process of a chemical reaction in liquid state over hundred picoseconds and 
inferred the transient molecular structure.  
Time-resolved X-ray absorption spectroscopy is able to give the information of 
the local atomic structure of disordered media. Chen et al. [26] has demonstrated that the 
photoexcited molecular structure in a solution system can be captured at nanosecond time 
scale. It still remains unknown how the amorphous solids respond to photoexcitation at 
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such short time scale. For the first time, the photoinduced atomistic changes in 
amorphous solids were observed at picosecond time scale. This section presents the first 
observation of photoexcited atomic structure in any glass using the example of a-As2Se3. 
The short-living atomic structure at photoexcited state in a-As2Se3 (photosoaked priorly) 
was studied at the time scale of picoseconds to nanoseconds by the laser-pumped X-ray 
probed X-ray absorption spectroscopy (LX-XAS) at beamline 11ID-D of Advanced 
Photon Source at Argonne National Lab.  
The FT-EXAFS for As and Se K edges at various decay time is shown in Figure 
7-18. For the convenience of comparison, the ground-state (PR) and excited-state (SYN) 
EXAFS are shown in pairs for each decay time point. At 200 ps after laser excitation, 
there is almost no change over the first shell in the FT-EXAFS of As K edge. At 500 ps, 
the first main peak shifts to a shorter distance and its magnitude decreases. At 1 ns, the 
first main peak returns to the position of ground state. The change of FT-EXAFS of Se K 
edge shows similar features but with a time delay. The first main peak in the FT-EXAFS 
of Se K edge shifts to a shorter distance at 200 ps, and stays at this position at 500 ps, but 
the magnitude decreases, the peak position returns to the ground state at 1 ns and 5 ns.  
Further analysis reveals the time evolution of the structural parameters following 
photoexcitation, as shown in Figure 7-19. Table 7-3 lists the fitting parameters. The 
nearest neighboring structure about selenium exhibits significant changes within at least 
200 psec after excitation. The average bond length RSe-NN decreases by ~0.03 Å, the 
average coordination number (N) remains unchanged, and the mean square relative 
displacement of the bonds (σ2) increases. Meanwhile, there is almost no change found for 
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the local atomic structure about arsenic atoms, and we further confirmed there is also no 
change at various time domains below 200 ps, such as 50 ps, 100 ps, and 150 ps. The 
excited-state atomic structures about arsenic and selenium atoms captured at 500 psec 
show similar trends: RAs-NN and RSe-NN are reduced comparing with the bond length at 
ground state, NAs-NN / NSe-NN remains unchanged, and σ
2
As-NN / σ
2
Se-NN increases. The 
atomic structure around both arsenic and selenium atoms relaxes to the ground state at 1 
ns after photoexcitation. Overall, both RAs-NN and RSe-NN show contraction during the 
excited state. 
Note that the observed phenomenon can not be a thermal effect, since the material 
contracts instead of expansion. In the present experiment, a grazing incident angle is used, 
and therefore the X-ray is confined to detect the photoexcited volume in the sample. The 
photon energy of the pump source in the present experiment is larger than the band gap 
energy of As2Se3. If the photon energy is much larger than the band gap, the excited 
carriers drift apart effectively, i.e. less localized, and therefore, the efficiency of geminate 
recombination is low. Nonetheless, there always exist two competing processes, viz. 
excitation and decay. 
A striking feature of the present observations is that the changes of RSe-NN and 
RAs-NN do not take place simultaneously. Specifically, the RSe-NN shows significant 
contraction at 200 ps, while there is no detectable change for RAs-NN. It indicates that the 
changes surrounding As and Se are not paired. In other words, the contraction of RSe-NN at 
200 ps has to occur on the Se-Se sites. However, these Se-Se homopolar bonds are not 
the intrinsic Se-Se chemical defects produced in the vapor deposition process, since their 
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amount is too low (<10%) to account for the observed large contraction of RSe-NN. 
Another reason is that the photodarkened samples experience optical annealing process 
through which most of the homopolar bonds transform to a heteropolar ones and the 
structure tend to be more chemically ordered. Therefore, it can be concluded that 
significant amount of homopolar bonds Se-Se and As-As is created during the excitation 
process of the photoexcited As2Se3. 
A phenomenological model is proposed based on the changes of atomic structure 
revealed by EXAFS measurements, and three stages of the atomic processes at the 
picoseconds time scale are envisaged. The LX-XAS provides a series of snapshots of the 
fast atomic processes. The structures at 0 ps, 200 ps, 500 ps, and 1 ns, are representative.   
Stage I (<500 ps): At this stage, the main observation is the formation of transient 
homopolar bonds, i.e. 2As-Se→As-As+Se-Se. Upon photoexcitation with energy beyond 
the Eg of As2Se3, perhaps both the Se lone pair electrons with energy level at the top of 
valence band and the valence electrons are promoted up to the conduction band and the 
As-Se bonds are dissociated. The dissociation of As-Se bonds causes the reconfiguration 
of the less constrained atoms at the sites undergoing excitation.  
To visualize the process, a structure consisting of chains
As2
Se2
Se1
As1 Se3
n
 is 
constructed by referring to the crystal structure of As2Se3. In order to form one pair of 
As-As and Se-Se bonds, it is necessary to dissociate at least two bonds involving two 
arsenic and two selenium atoms. On the other hand, the dissociated atoms should be 
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spatially accessible to each other for reconfiguration. Probably, the rebonding occurs 
between the intra-chain atoms rather than those inter-chain atoms. In particular, the As2 
and As1 atoms on the plane 
As2
Se2
Se1
As1
Se3
  are relatively closer than other As atoms. The 
dissociated two selenium atoms can be either Se1 and Se2, or Se1 (Se2) and Se3. Two 
types of reconfiguration can be conceived: (1) the Se1-As2 and Se3-As1 are dissociated, 
and Se1-Se3 and As1-As2 are rebonded: 
As2
Se2
Se1
As1
Se3
→
As2
As1
Se2
Se1 Se3
 
(2) the As2-Se1 and As1-Se2 are dissociated and As1-As2 and Se1-Se2 are rebonded: 
As2
Se2
Se1
As1
Se3
→
As2
As1
Se2Se1
Se3
 
To justify that the photoexcited structure has smaller average bond length than the 
ground state, ab initio quantum chemistry calculation was performed on the clusters of 
As2Se3 at the ground and photoexcited states, as shown in Figure 7-20 and Figure 7-21. 
The geometry of these clusters was optimized at the Hartree-Fork level with the 6-31G (d) 
basis set. The calculation shows that the average RAs-Se for the cluster at ground state is 
about 2.378 Å. The average RAs-NN at photoexcited state is about 2.375 Å, and there is 
nearly no change from the average RAs-Se at ground state. In contrast, the average RSe-NN 
at photoexcited structure is about 2.363 Å and decreases by about 1.5 pm compared to the 
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average RAs-Se at ground state. On the other hand, our EXAFS result shows the 
contraction of 3 pm for RSe-NN. Therefore, the Se-Se bonds are highly strained at this 
stage. Since Se atom has two constraints while As has three constraints, the Se-Se bonds 
tend to deform while deformation around As atoms is more difficult. Therefore, at this 
stage, it is observed that RSe-NN decreases while RAs-NN undergoes nearly no change. 
Stage II (200ps ~ 1ns): At this stage, the highly strained Se-Se bonds relax and lead to 
the compression of their neighboring As-Se bonds. As a result, the Se-Se bonds are 
extended, while the neighboring As-Se bonds are contracted. Therefore, in comparison 
with the average bond length at stage I, there is no further change for the average RSe-NN, 
but the average RAs-NN decreases. 
Stage III (500ps-): The cooperative atomic motion at stage II finally leads to breakage of 
the unstable homopolar bonds and reconstruction of the heteropolar bonds.  The structure 
at stage III resembles the ground-state structure; however, it is not necessary that all the 
atoms under photoexcitation have been returned to the original sites. 
Photofluidity [ 27 ] plays an important role in the photoinduced deformation 
phenomena in chalcogenide glasses, such as giant photoexpansion [28], optical-field 
driven mass transport [29, 30], and anisotropic deformation. The fast atomic processes at 
photoexcited state provide the opportunity for introducing photofluidity. The atoms at 
photoexcited state switch their positions through the bond breaking and reconstruction 
processes, leading to cooperative motion. As a result, when applying external force, the 
displacement of atoms is facilitated. In other words, the photoinduced cooperative motion 
reduces the activation energy term ΔH in the viscosity-temperature relationship 
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η=η0exp(ΔH/RT). It is probable that the photoexcited site is charged, due to the rather 
different mobility of photoexcited holes and electrons. Therefore, when the applied 
optical field is polarized, the configuration as well as the diffusion of the photoexcited 
ionic clusters is oriented preferentially along the optical field.   
Furthermore, the fast atomic processes involving bond switching and atomic 
cooperative motion lead to a global motion (or diffusive motion) of atoms rather than a 
local bond switching. It should be stressed that the formation of homopolar bonds during 
photoexcitation is the key for the global motion. Through the construction and 
deconstruction of homopolar bonds, the atoms are transferred from one site to another 
site. Photofluidity has not been observed in Pyrex glass which was exposed to ultraviolet 
light [31]. Homopolar bonds (Si-Si, O-O) are not favorable in oxide glasses, and thus no 
diffusive motion of atoms is realized. 
Diffusive motion upon photoexcitation was also found in Li and Drabold’s first 
principle molecular dynamic simulation [32]. The <r
2
(t)>, defined as the system-average 
mean-squared variation in atomic position from the initial conformation, is linear after 50 
fs and flattens beyond 1 ps under the given simulated conditions. They found two atomic 
reactions: (1) the transformation from homopolar to heteropolar bonds around the defect 
sites of valence alternation pairs (VAP) at the onset of  photoexcitation, and (2) bond 
switching at the end of short time phase of irradiation (<500 fs), resulting into the 
formation of random VAPs. Therefore, the diffusive motion suggested by Li and Drabold 
is related with the transformation from homopolar to heteropolar bonds at the onset of 
photoexcitation, and the latter bond switching. Our results reveal rather different 
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mechanism of photoexcited diffusive motion, since the formation and transformation of 
homopolar bonds are consecutively involved.  
7.5. Summary 
The photoexcited electronic and atomic processes manifest themselves through 
photoinduced optical absorption and structural changes, which have been studied by four 
techniques spanning over 14 orders of time scales. 
The kinetics of transient, metastable and permanent photodarkenings were studied 
at the time scale of seconds to minutes. Transient photodarkening exhibits distinct 
kinetics from the metastable and permanent photodarkening. Specifically, transient 
photodarkening follows a stretched exponential function, while metastable and permanent 
photodarkening can be only fitted with a compressed exponential function. The 
magnitude of metastable and permanent photodarkening is independent of laser intensity, 
while only the transient photodarkening depends on the laser intensity. However, the 
increase of laser intensity does accelerate the kinetics of photodarkening. The transient, 
metastable and permanent photodarkenings have different origins.  
Kinetics of photostructural changes was studied at the same time scale as 
photodarkening and was found to follow an exponential expression. Q-XAS technique 
provides insightful details of photostructural changes. The time constant for 
photostructural changes is comparable with that of metastable and permanent 
photodarkenings. Similar to non-transient photodarkening, the laser intensity alters the 
kinetics but not the ultimate magnitude of photostructural changes. 
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Ultra fast photoexcited atomic processes were discovered at the time scale of 
picoseconds by LX-XAS. The atomic processes at this time scale involve formation of 
homopolar bonds, relaxation of the strained bonds, and ultimate transformation to 
heteropolar bonds. These photoexcited atomic processes set the stage for photofluidity, 
through bond switching and diffusive motion. It is proposed that the formation of 
homopolar bonds plays a crucial role in the global diffusive motion through transferring 
the atoms to other sites.  
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Table 7-1: The characteristics of transient photodarkening in a-As2S3 film. 
Channels, λ T% T’% ∆T%  αm/α0 τ (s) β 
A, 499nm 40.5 32.9 -7.6 0.2316 20.5 0.77 
B, 496nm 34.3 27.6 -6.7 0.2033 19.3 0.75 
C, 494nm 29.9 24.3 -5.6 0.1747 20.4 0.76 
D, 491nm 28.7 24.2 -4.5 0.1270 21.2 0.79 
E, 483nm 17.7 14.4 -3.3 0.1134 22.5 0.80 
F, 480nm 15.0 12.0 -3.0 0.1153 24.3 0.79 
* 0
1 100
Ln
d T

 
   
 
. 
Table 7-2: The characteristics of relaxation of transient photodarkening in a-As2S3 film. 
Channels T% T’% ∆T%  αm/α0 Τ (s) β 
A, 503nm 39.4 46.5 7.1 0.184 1029 0.37 
B, 500nm 34.6 42.5 7.9 0.196 1249 0.38 
C, 497nm 28.6 35.6 7.0 0.185 1438 0.36 
D, 494nm 24.0 29.6 5.6 0.154 1407 0.37 
E, 489nm 18.1 21.9 3.8 0.113 1306 0.40 
F, 484nm 14.3 17.5 3.2 0.105 1265 0.42 
 
  
 
2
5
2
 
 
Table 7-3: The average bond length, coordination number, and disorder of Se-NN and As-NN in a-As2Se3 (pre-photosoaked) at 
different decay times, 0 ps (ground state), 200 ps, 500 ps, and 1000 ps. 
Decay 
time, 
ps 
R (Se-NN), Å N (Se-NN) 
σ2 (Se-NN),  
 1    Å2 
R (As-NN), 
Å 
N (As-NN) 
σ2 (Se-NN),  
 1    Å2 
0 2.427±0.005 2 4.3±0.6 2.417±0.002 3 4.6±0.2 
200 2.398±0.005 2 >4.3 2.417±0.003 3 4.6±0.3 
0 2.431±0.003 2 4.4±0.3 2.420±0.001 3 4.3±0.1 
500 2.403±0.005 2 >5.4 2.404±0.003 3 4.7±0.4 
0 2.429±0.003 2 4.5±0.4 2.422±0.003 3 4.4±0.3 
1000 2.424±0.003 2 5.0±0.4 2.420±0.004 3 3.6±0.5 
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Figure 7-1: Time revolution of the relative change of photoinduced optical absorption 
(∆α/α0) at the measured wavelengths during the transient photodarkening of a-As2S3 thin 
film. The sample was irradiated by Argon ion laser (λ= 488 nm). 
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Figure 7-2: Time revolution of the relative change of optical absorption (∆α/α0) at the 
measured wavelengths over the absorption edge during the relaxation of transient 
photodarkening in a-As2S3 film. Δα= α(t)- αOFF, where αOFF is the optical absorption 
when the sample is completely relaxed after switching off laser; α0 is the optical 
absorption when the sample is photosaturated during laser on. 
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Figure 7-3: Time evolution of photoinduced optical absorption when as-deposited As2S3 
was irradiated by (a) 20 mW and (b) 10 mW Argon ion laser (488 nm). The black circles 
are the experimental data; “fit1” and “fit2” are the curves fitted by double and single 
exponential function, respectively. The fitting parameters are (a) “fit1”: α1=6908 cm-1, 
τ1=153.4 sec, β1=1.692, α2=4758 cm-1, τ2=332.8 sec, β2=0.8141; “fit2”: α=11630 cm-1, 
τ=200.8 sec, β =0.9888; (b) “fit1”: α1=7950 cm-1, τ1=342.4 sec, β1=1.048; α2=1722 cm-1, 
τ2=246.4 sec, β2=3.02; “fit2”: α=9668 cm-1, τ=321.2 sec, β =1.131. The photoinduced 
changes in this figure represent the total photodarkening, including permanent, 
metastable and transient changes. 
(a) 
(b) 
 256 
 
Figure 7-4: (a) The transmittance change of a-As2S3 at λ=494 nm during laser irradiation 
with different intensity, 5 mW, 10 mW, and 21 mW. (b) Time evolution of transmittance 
at λ=494 nm during relaxation of transient photodarkening of a-As2S3 which was 
completely photodarkened by laser with intensity 10 mW and 20 mW, respectively. 
(
a) 
(
b) 
(a) 
(b) 
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Figure 7-5: Time evolution of As K edge FT-EXAFS of when the as-deposited a-As2S3 
film was irradiated by 488 nm laser. “LV” represents the laser with polarization vertical 
to the ground. 
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Figure 7-6: Time evolution of bond length, disorder and coordination number for both 
As-S and As-As bonds when a-As2S3 was irradiated by 488 nm Argon ion laser. “VP” 
and “HP” represent the laser with vertical and horizontal polarizations, respectively; 
“OFF” represents the laser-off state. 
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Figure 7-7: Time evolution of As K edge FT-EXAFS when the as-deposited a-As45S55 
was irradiated by 488 nm laser.  
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Figure 7-8: Time evolution of bond length, disorder and coordination number for both 
As-S and As-As bonds when a-As45S55 was irradiated by 488 nm Argon ion laser. 
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Figure 7-9: Time evolution of As K edge FT-EXAFS when a-As30S70 was irradiated by 
488 nm laser. The below figure magnifies the region in FT-EXAFS associated with the 
2
nd
 shell. 
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Figure 7-10: Time evolution of bond length, disorder and coordination number for both 
As-S and As-As bonds when a- As30S70 was irradiated by 488 nm Argon laser. 
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Figure 7-11: Time evolution of bond length, and disorder for Ge-NN and Se-Nn in a-
GeSe2 irradiated by solid state diode pumped laser (532 nm). 
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Figure 7-12: Time evolution of As K edge FT-EXAFS, bond length, and disorder in a-
As2Se3 irradiated by diode laser of 660 nm. 
 265 
0 1 2 3 4 5 6
0.0
0.5
1.0
1.5
I
(R
)I
 (
Å
-3
)
R (Å)
 annealed_6mW
 L6mW, annealed
 annealed_20mW
 L20mW, annealed
 annealed_34.5mW
 L34.5mW, annealed
 
0 34 68 102 136 170 204 238
0
2
4
6
8
10
12
 
 
 6 mW, anneal_2
 20 mW, anneal_3
 34.5 mW, anneal
R
 (
1
0
-3
Å
)
Time (minutes)
= 488 nm
Annealeat 210 C for 12 hrs;
 
(
a) 
(
b) 
(a) 
(b) 
 266 
0 1 2 3 4 5 6
0.0
0.5
1.0
1.5
I
(R
)I
 (
Å
-3
)
R (Å)
 fresh_5mW
 L5mW, fresh
 fresh_13mW
 L13mW, fresh
 fresh_30mW
 L30mW, fresh
 
0 34 68 102 136 170 204 238
-2
0
2
4
6
8
10
12
 
 
 = 488 nm
As-prepared sample.

R
 (
1
0
-3
Å
)
Time (minutes)
 5 mW, fresh
 13 mW, fresh_3
 30 mW, fresh_2
 
Figure 7-13: Time evolution of As K edge FT-EXAFS and As-S bond length change 
when vacuum-annealed (a, b) and as-deposited (c, d) As2S3 films were irradiated at 
various laser intensities. 
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Figure 7-14: (a) Time evolution of k
2
-weighted As K edge FT-EXAFS when a-As2S3 was 
irradiated by Argon ion laser; the inset is a zoom of the first main peaks. (b) The FT-
EXAFS and fitted curves for as-deposited (0 sec) and irradiated (140*tc sec) As2S3; the 
shaded region is the residual after fitting. 
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Figure 7-15: Time evolution of RAs-S, normalized NAs-S, and ∆σ
2
 when a-As2S3 was 
irradiated by Argon ion laser. The laser-on and laser-off regions are plotted with 
logarithmic linear scales, respectively. 
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Figure 7-16: Time evolution of diffracted beam intensity in the transient grating 
measurement of a-As2Se3 (a) with various pump laser intensity but the same grating 
spacing, and  (b) with various grating spacing but the same pump laser intensity. [3]  
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Figure 7-17: Decay time of diffracted beam intensity as a function of grating spacing in 
the transient grating measurement of a-As2Se3. The red solid line is the fitted curve by 
using the rate equation in [3]. In this plot, we re-analyzed the data and obtained the decay 
time constant, but the results are basically in agreement with [3]. 
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Figure 7-18: The FT-EXAFS of As and Se K edges at various decay times after 
photoexcitation: τ = 200 ps, 500 ps, and 1 ns. For each decay time, the FT-EXAFS for the 
ground and excited states are shown respectively. 
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Figure 7-19: The change of RAs-NN and RSe-NN as a function of decay time. 
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Figure 7-20: The molecular structure of ground state As4Se7H2. This structure represents 
a fraction of the amorphous As2Se3 with a layer-like molecular structure, and was 
optimized by ab initio quantum chemistry calculation at the Hartree-Fork level with the 
6-31 G (d) basis set. The calculated bond length and Mulliken charge are shown at the 
right. The average length of the As-Se bonds is ~ 2.378Å.  
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Se5 
As4 
Calculated bond length in As4Se7H2  
As1-Se1  2.34747 As3-Se4  2.38782 
As1-Se2  2.38030 As3-Se5  2.37405 
As1-Se3  2.39143 As3-Se6  2.38647 
As2-Se2  2.38643 As4-Se5  2.38029 
As2-Se3  2.37407 As4-Se6  2.38029 
As2-Se4  2.38783 As4-Se7  2.34741 
 
The Mulliken charge on As and Se atoms 
As1      0.347  As3       0.311  
Se1  (-) 0.256  Se5  (-) 0.231  
Se2  (-) 0.218  Se6  (-) 0.218  
Se3  (-) 0.231  As4       0.347  
As2       0.311  Se7  (-) 0.256  
Se4  (-) 0.236    
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Figure 7-21: The structure of an intermediate As4Se7H2 molecule at excited state. The 
geometry structure is optimized at the Hartree-Fork level with the 6-31G (d) basis set. 
One pair of homopolar bonds, As1-As2 and Se3-Se4, was created, as shown in the 
shaded region. The calculated bond length and Mulliken charge on As and Se atoms are 
shown at the right. The average bond lengths of As’ and Se’s nearest neighbors are 
~2.375 Å and ~2.363 Å respectively. Both Se3 and Se4 have negative charges. 
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The Mulliken charge on As and Se atoms 
As1  0.224  As3       0.317  
Se1  (-) 0.257  Se5  (-) 0.224  
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Chapter 8: Mechanisms of photoinduced effects in 
chalcogenide glasses 
8.1. Correlation between the photoinduced changes of atomic structure and 
photodarkening  
Photodarkening has three components, transient, metastable and permanent. As 
described in Chapter 4, transient photodarkening is evident in the ON-OFF operation of 
laser irradiation on the photosaturated sample; metastable photodarkening is reversible 
upon annealing, and evident in the annealed (air/N2) films and melt-quenched bulk 
glasses; permanent photodarkening is irreversible, and appears only in the as-deposited 
thin films. In the as-deposited thin film sample, the metastable and permanent 
photodarkening occur simultaneously, and are thus difficult to distinguish. 
There is strong correlation between photodarkening and photoinduced changes of 
atomic structure of the as-deposited films, as shown in Table 8-1. As seen in Chapters 6 
and 7, for arsenic chalcogenide thin films, considerable changes of atomic structure have 
been found in As40S60, As45S55 and As40Se60, while the photostructural change of As30S70 
is very small. Correspondingly, As40S60, As45S55 and As40Se60 show significant 
photodarkening and large increase of refractive index, while As30S70 has only negligible 
photodarkening and change of refractive index. No laser intensity dependence is found 
for either the change of saturated atomic structure, or permanent + metastable 
photodarkening. In addition, the kinetics of photoinduced change of atomic structure is 
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comparable with that of photodarkening. Apparently, photodarkening and increase of 
refractive index are closely related with the observed change of atomic structure in as-
deposited arsenic chalcogenide glasses. We should be also aware that there is no 
photoinduced change of atomic structure observed in the annealed (air / N2) arsenic 
chalcogenide thin films which on the other hand exhibit large reversible photodarkening. 
Therefore, the change of atomic structure in arsenic chalcogenides observed by our 
EXAFS measurements corresponds to the irreversible photodarkening.  
How do the photoinduced changes of atomic structure cause photodarkening in 
the as-deposited arsenic chalcogenide glass films? Photoinduced bond transformation 
(homopolar to heteropolar bonds) was found by early studies [1, 2]and suggested as the 
origin of irreversible photodarkening [3]. It stated that the optical band gap energy (Eg) 
reaches a minimum value at the stoichiometric composition (As2S3) in arsenic 
chalcogenide glasses, but reaches a maximum value at the stoichiometric composition 
(GeS2 or GeSe2) in germanium chalcogenide glasses. The bond switching only refers to 
the change of local inhomogeneity, whereas the overall composition of the sample is not 
altered after laser illumination. As revealed by Raman [4] and EXAFS [5], As-As bonds 
are created rather than removed by laser irradiation in annealed As2S3 film which exhibits 
reversible photodarkening. Apparently, it is impossible that both the removal and creation 
of As-As bonds lead to photodarkening. On the other hand, the present work does not 
resolve any measurable photoinduced bond switching in germanium sulfides which 
exhibit significant photobleaching. Therefore, it is not appropriate to explain the 
photodarkening or photobleaching by looking into the compositional dependence of Eg. 
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In fact, our result shows Eg decreases monotonically as arsenic concentration increases, 
viz. no minimum of Eg is present at the stoichiometric composition, as described in 
Chapter 4, in agreement with Street et al.’s work [6]. 
Our in situ EXAFS results revealed more details of photostructural changes in 
arsenic chalcogenides. There are multiple aspects of the photoinduced changes of atomic 
structure, i.e. coordination number (from bond switching), bond length, and disorder, as 
described in Chapter 6. The irreversible photodarkening can be explained by the 
expansion of major bonds (As-S or As-Se) instead of bond switching. As the interatomic 
distance increases, the interaction between atoms becomes weaker, and thus the atomic 
potential decreases, resulting in narrowing of gap between conduction and valence bands, 
i.e. photodarkening. Similar effect of interatomic distance on the optical band gap can be 
seen when the solid undergoes change of temperature or pressure. For example, the 
optical band gap energy decreases when the material is heated up or it is under tensile 
stress.  
It should be emphasized that the increase of As-S bond length ~1×10-2Å in As2S3 
(or As45S55) is rather significant. Such bond length expansion could cause measurable 
macroscopic volume expansion of the material if the free volume was unchanged. In fact, 
as shown in Chapter 6, temperature increase by ~165
0
C causes the As-S bond expansion 
of only ~0.005 Å. Therefore, assuming a linear relation between bond length expansion 
and temperature rise, the photoinduced bond length expansion is equivalent to the effect 
of heating material up to ~420
0
C, far above the Tg of As2S3 (~210
0
C) .  
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The total volume (VT) of As2S3 is composed of the volume of all [As-S3/2] units 
(i.e. occupied volume) and the excess volume (Ve), as illustrated in Figure 8-1. For the 
convenience of calculation, we assume all the chemical bonds in this system are As-S 
bonds, i.e. no homopolar bonds. It is reasonable to neglect the homopolar bonds: 1) there 
is almost no change of bond length in the transformation                ,  
and 2) the concentration of homopolar bonds is far smaller than the concentration of 
heteropolar bonds. By approximating one [As-S3/2] unit as a sphere with arsenic atom as 
the center and As-S bond length as the radius, the total volume of a-As2S3 can be written 
as: 
                         (8.1) 
and                   
 
 
      
  
Therefore,       
 
 
           
             (8.2) 
where nAs is the total number of As atoms, approximately 1.57*10
22
 cm
-3
 given the 
density of As2S3 3.2 g/cm
3
. A reduction coefficient C0 is adopted to account for the 
overlapping of As coordination spheres. C0 is introduced as ~0.88 approximately. Given 
the density of As2S3 glass, C0, and RAs-S ~ 2.257 Å, the excess volume Ve is about 34% of 
the total volume of glass. Assuming that the excess volume does not change after laser 
irradiation, the volume change due to the bond length expansion is 
  
  
 
 
 
             
        
  
  
     (8.3) 
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where R’As-S ~2.269 Å is the As-S bond length after laser irradiation. Therefore, 
considering solely the contribution of bond length expansion, the volume expansion is 
about 1.06%. In fact, photoinduced compaction of ~-1% (densification) was observed in 
as-deposited a-As2S3 film [7]. It indicates that the excess volume is largely reduced rather 
remains unchanged after laser irradiation. In other words, the volume expansion induced 
by bond length expansion is compensated by the large reduction of free volume.  
The photoinduced reduction of excess volume indicates a photorelaxation process 
in a-As2S3, i.e. the loss of configuration entropy. The configurational entropy, the total 
entropy of the system minus the vibrational entropy, was introduced to describe the 
possibilities of arrangement of particles in the disordered system. Glass with larger free 
volume has more open network structure, providing more possibilities of atomic 
arrangement, thus larger configurational entropy. When glass is formed through freezing 
the supercooled liquid, the free volume present in the liquid state is largely retained. 
Therefore, glass is in a thermodynamically unstable state, which can be characterized by 
its fictive temperature (Tf). According to Stillinger’s energy landscape model, the 
potential energy of a system of N particles, Φ(r1…rN), a function of the configurational 
coordinates, is a multidimensional energy landscape consisting of basins. The minimum 
in each basin is also known as inherent structure, representing a metastable configuration 
of the system. Therefore, there is huge number of configurations (i.e. states) available for 
the system to explore. When some bonds are broken by photoexcitation, the system 
acquires additional freedom to relax and explore other energy states. Therefore, 
photoexcitation process drives the system into lower energy state through the loss of 
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configurational entropy in the system (the loss of free volume). Lucas et al. [8] observed 
entropy (enthalpy) relaxation when quenched germanium selenide glasses (bulks) were 
irradiated. In fact, photoinduced densification is not unique to chalcogenide glasses, e.g. 
UV laser induced densification (ΔV/V ~-0.001%) is well known in silica glass [9]. It 
should be noted that the homopolar bond transformation may trigger and catalyze the 
photorelaxation process, but is not a prerequisite. For example, photorelaxation observed 
by Lucas et al. occurred in the quenched chalcogenide glass bulks with negligible amount 
of homopolar bonds. Therefore, photorelaxation process can occur in all the glass 
compositions and states.  
As a result of photodarkening, the refractive index increases as well, as seen in 
Chapter 4. It is natural to expect the increase of refractive index as the absorption 
increases, according to Kramers-Kronig’s relations [10]. Here we examine the structural 
origin of the photoinduced change of refractive index in arsenic chalcogenide glasses. For 
the partially molecular solids like arsenic chalcogenides which consist of layers 
interacting via van der Waals force, the refractive index is correlated with two factors: the 
interatomic and intermolecular distances [11]. In general, as the intermolecular distance 
decreases, the packing of molecules becomes denser with larger amount of molecules 
present in unit volume. As a result, the refractive index increases, since the propagating 
electromagnetic field senses more rendering from the electrons of material. On the other 
hand, as the interatomic distance increases, the bond strength becomes weaker and the 
interaction between atoms becomes weaker. Accordingly, the polarizability of molecules 
increases, and therefore the refractive index increases. Therefore, the expansion of the 
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major bonds in arsenic chalcogenides contributes to the increase of refractive index. In 
addition, as discussed above, the excess volume is largely reduced when as-deposited 
As2S3 is irradiated, and thus the average interlayer distance increases as well, which also 
leads to the increase of refractive index.  
Unlike permanent photodarkening, the metastable and transient photodarkening 
showed no atomic structure signature in our measurements. However, as discussed in 
Chapter 6, there were several evidences of reversible photostructural change reported 
from XRD, Raman, EXAFS, and anomalous x-ray scattering experiments. These results 
are not consistent. A reversible change of the FSDP was found in XRD and interpreted as 
the increased randomness of interlayer spacing; a reversible As-As bond creation was 
found by Raman measurement; a reversible change of          was found by 
EXAFS and anomalous x-ray scattering. It should be noted that an increased randomness 
and change of          is not unique to the metastable photostructural change, but 
also found in the irreversible photostructual change by our EXAFS measurements. On the 
other hand, the simulation work mainly focuses on defect creation. Overall, the origin of 
metastable photodarkening is far from being conclusive.  
It is evident that the transient photodarkening has distinct origin than metastable 
and permanent photodarkening. Transient and non-transient photodarkenings have rather 
different characteristics. (a) Transient photodarkening is universally exhibited by 
chalcogenide crystals, liquids, and glasses including both bulks and films, and both 
unirradiated and irradiated glasses. On the contrary, non-transient photodarkening occurs 
mainly in arsenic chalcogenide glasses. (b) Transient photodarkening has strong laser 
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intensity dependency, whereas we found non-transient photodarkening is independent of 
laser intensity. (c) Transient photodarkening (photoinduced optical absorption) occurs on 
various time scales from picoseconds to seconds, whereas non-transient photodarkening 
occurs on a relatively longer time scale (100’s of seconds). (d) At the long time scale 
(seconds), transient and non-transient photodarkenings exhibit distinct kinetics: transient 
photodarkening follows a stretched exponential funtion (0 < β < 1), while non-transient 
photodarkening follows a (compressed) exponential function (β≥1). Therefore, transient 
and non-transient photodarkenings must have quite different origins. Unlike non-transient 
photodarkening which is more likely related with atomic processes, transient 
photodarkening involves more complex processes, probably including both electronic and 
atomic processes. 
In a photoexcitation process, the valence electrons are promoted into the 
conduction band, while the holes are created in the valence band. The electron and hole 
may either form excitons by Coulomb attraction force and travel together, or separate 
with each other and travel independently. These energetic carriers thermalize and fall into 
localized states (below mobility edge) after picoseconds. The mobility of the carriers 
dramatically drops in the localized states. It is possible that these carriers are self trapped 
and form polarons through a local atomic rearrangement to reduce the energy. The 
carriers may be trapped by the charged defects in chalcogenide glasses as well. Electrons 
and holes finally recombine with each other through radiative and non-radiative 
recombination processes. However, the non-radiative recombination is more probable 
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than radiative recombination because of the strong electron-phonon coupling in these 
materials.  
Transient photodarkening and its decay process were found in the time scale of 
picoseconds. It was suggested that the transient photodarkening at this time scale was due 
to the absorption of the localized carriers, and the decay process was dominated by 
diffusion or geminate recombination mechanisms, depending on the energy of excitation 
light. Transient photodarkening at longer time scales is mainly due to the carriers trapped 
by defects, and the decay process is related with the release of trapped carriers and 
recombination. Photoinduced optical anisotropy (POA) is very similar to long-time scale 
transient photodarkening. We found that POA is also a transient phenomenon, exhibited 
universally in chalcogenide glasses with the same sign. We suggest tha the hole (or 
electron) is trapped by the negatively (or positively) charged defect, forming an electrical 
dipole. This dipole tends to align with the applied electromagnetic field. Therefore, this 
preferred orientation of dipoles contributes to the observed POA.  
8.2. Photothermal effects: a new view of photoexpansion in chalcogenide 
glasses 
Photoinduced volume change in chalcogenide glasses refers to the contraction or 
expansion of the macroscopic volume of sample irradiated with band gap energy laser. 
Photocontraction and photoexpansion can occur in the material of same composition but 
with different thermal history, e.g. photocontraction was observed in as-deposited As2S3 
thin film, while photoexpansion was observed in the well-annealed As2S3 film. 
Photocontraction and photoexpansion can occur even on the same specimen by using 
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different laser irradiation power. Calvez et al. [12] demonstrated photoexpansion and 
photocontraction in annealed and quenched GeAsSe13 glass (bulk) with moderate laser 
irradiation, respectively; when increasing laser irradiation power, volume expansion was 
also observed in quenched glass.  When chalcogenide glass is irradiated by sub-bandgap 
laser with high intensity, giant photoexpansion is observed. Therefore, photoinduced 
volume change is related with the thermodynamic state of glass (i.e. the fictive 
temperature, Tf), and the intensity and wavelength of excitation laser.  
As described in previous section, photocontraction is essentially a photorelaxation 
process, i.e. loss of configurational entropy through loss of free volume in glass. However, 
the origin of photoexpansion is still not clear. Many structural models have been 
proposed to explain photoexpansion in terms of interlayer expansion or intramolecular 
change. Note that photoexpansion universally exists in chalcogenide glasses given 
appropriate laser irradiation condition (intensity and wavelength). All the existing 
structural models fail to account for the universality of photoexpansion. While the 
structural models may apply, past studies have neglected photothermal effect, and 
assumed that the temperature rise due to laser heating is too small to cause any 
measurable volume change of the glass. In the following, we modeled the temperature 
rise and volume expansion induced by laser irradiation. As2S3 glass was used as the 
model material since its physical properties are well known. It turns out that the 
photothermal effect cannot be neglected despite the moderate temperature increase 
(~20
0
C); instead, it plays an important role in photoexpansion. 
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The absorption of laser irradiation by the material causes highly localized heating, 
which in turn produces various physical responses in the material as well as in the 
surrounding media. Due to the strong electron-phonon coupling effect in chalcogenide 
glasses, the probability of radiative recombination is very low, and thus the absorbed 
photon energy is mostly transferred into phonons. Therefore, the absorption of photons 
causes the temperature rise as well as volume expansion. In order to model the 
temperature rise and volume expansion caused by laser heating on a confined volume, a 
semi-infinite material model is built, as illustrated in Figure 8-2 in which the sample 
surface (xy plane) is infinite and the z dimension extends semi-infinitely to the laser 
propagation direction in the sample. Assuming the excitation laser beam has a Gaussian 
profile, the heating source profile Q(r, z) can be given as: 
2
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where Q0 is the absorbed heat energy at the beam center of the sample surface, Ae is 
optical absorption coefficient, Pe is laser power, ρ is mass density, c is specific heat, ω0e 
is the radius of the excitation laser beam on sample surface,   1  
   
     
  in which η is 
quantum efficiency of fluorescence, λe is the wavelength of excitation laser, and <λem> is 
the average wavelength of fluorescence emission. For chalcogenide glasses irradiated at 
ambient temperature, η~0 and   1.  
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The temperature profile is determined by the heat conduction process when the 
energy of excitation laser is deposited into the volume where the laser penetrates. The 
heat conduction process can be described by the following heat diffusion equation [13]: 
2( , , ) ( , , ) ( , )T r z t D T r z t Q r z
t

  
     (8.5) 
with the initial condition: ( , , 0) 0   T r z  , and boundary conditions: ( , , ) 0T z t   and 
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, where D is the thermal diffusivity. The solution of the above heat 
conduction equation can be obtained through Laplace, Fourier cosine, and Hankel 
transforms. The temperature profile is given by [14]: 
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where tc is the characteristic thermal time constant, defined as
2
0
4
e
ct
D

 .  
The elastic deformation of sample surface as a result of the nonuniform 
temperature distribution can be calculated by the thermo-elastic equation [15]: 
 1                  1                   (8.7) 
where   is Poisson ratio, u is the surface expansion, and    is linear thermal expansion 
coefficient. Given the temperature rise profile and the boundary condition over the stress, 
the surface displacement uz(r,z=0, t) is 
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 and   1, Erfc(x) is the complementary error function, J0(x) is the 
Bessel function of the first kind. 
Hisakuni and Tanaka [ 16 ] found that the intense sub-bandgap laser (e.g. 
Eexc~0.8Eg) irradiation can cause prominent photoexpansion (“giant photoexpansion”, 
ΔV/V~5%) in a-As2S3, while the bandgap laser can only cause conventional 
photoexpansion (ΔV/V~0.4%). Here we will show that similar magnitude of surface 
displacement can be achieved by adopting appropriate conditions of laser irradiation. 
Figure 8-3 and Figure 8-4 show the simulated temperature rise distribution and surface 
deformation in a-As2S3 induced by laser irradiation which is weakly absorbed (10 cm
-1
) 
and moderately absorbed (1000 cm
-1
) by the material. Following the Gaussian profile of 
the excitation laser beam, the simulated temperature rise shows a maximum at the center 
of the laser beam and decreases along the radial direction from the beam center. 
According to Beer’s law, the light intensity transmitted through the material is given as 
         α   , where    is the initial laser intensity, and   is laser penetration depth. 
The absorbed light at distance   from the sample surface is    α       α    . 
Therefore, the number of absorbed photons decreases along the beam propagation in the 
material, resulting in decreased temperature rise along this direction. At the steady state 
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(irradiation for ~100 sec) induced by weakly absorbed (~10 cm
-1
) laser irradiation with 
ωoe=100 μm, p = 31.8 W/cm
2
, the maximum temperature rise at the beam center of 
sample surface is ~28 K, and the highest surface displacement is ~1150 nm. When 
irradiated by the laser with medium absorption (1000 cm
-1
), larger beam radius and lower 
power, ωoe=500μm, p = 1 W/cm
2
, we can obtain comparable results with those obtained 
by weakly absorbed laser irradiation, i.e. the maximum temperature rise on the surface 
and at the beam center is ~22.8 K, and the highest surface displacement is ~1032 nm.  
Therefore, considerable surface expansion (~1μm) can be achieved even with 
moderate temperature rise (<30K) in the material. Additionally, comparable magnitude of 
volume expansion when using lasers of different wavelengths can be realized through 
tuning the laser power and beam radius. The surface expansion due to the temperature 
rise at the confine volume has two sources. The material expands along the z direction as 
a linear function of temperature rise, i.e. Δlz~αTlΔT. On the other hand, if there was no 
confinement, the irradiated material would expand freely along the radial direction from 
the beam center. However, due to the confinement of unirradidated surrounding material, 
the compressive forces are created around the interface area between irradiated and 
unirradiated materials, and the magnitude depends on the size of the interface area and 
the temperature distribution. Accordingly, at the raised temperature, the compressive 
forces cause compression along the radial direction. Correspondingly, the volume 
expansion along z direction is created because of Poisson effect.  
Assuming the irradiated volume as a cylinder, the interface area Ai between 
irradiated and unirradiated materials is approximately equal to:
 
2
0i eA l . Therefore, 
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the compressive forces can be tuned by adjusting the beam radius ω0e, varying the 
wavelength of laser and accordingly varying the absorption coefficient and the 
penetration depth l, and adjusting the laser intensity and thus changing the magnitude of 
temperature rise. Since it penetrates longer distance into the material, the weakly 
absorbed laser can cause surface expansion comparable to the more strongly absorbed 
laser, given smaller beam radius and larger laser intensity, as demonstrated by our 
simulations.  
It should be noted that the surface displacement calculated in the above model is 
in the regime of elastic deformation, and thus it would disappear when the heat is 
dissipated after switching off laser. However, the observed photoexpansion is a plastic 
deformation and remains even after laser irradiation is extinct. This contradiction can be 
resolved if photofluidity is involved during irradiation. A classic experiment of 
photofluidity was demonstrated by Hisakuni and Tanaka [17], as shown in Figure 1-23. A 
piece of chalcogenide glass flake with one end attached on the substrate is subjected to 
bending stress on the other end. In the regime of elastic deformation, the bending is 
recovered when the stress is removed. On the other hand, if the focused light illuminates 
the bent flake through the cross section of bent region, the flake is  deformed segmentally. 
Therefore, material flow (atomic displacement) can occur when the stressed glass is 
illuminated, i.e. photofluidity. In other words, the initially elastic deformation is 
converted into plastic deformation via. photofluidity. Additionally, the expanded volume 
above the initial sample surface is no longer confined by surrounding material and thus 
expands along the radial direction as well as the z direction. This additional expansion 
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may involve material flow on the horizon of sample surface, leading to plastic 
deformation; in particular, the [AsS3/2] layers in a-As2S3 may facture at the joint between 
sample surface horizon and the surface of expanded volume.   
In summary, significant deformation (>1 μm) should occur due to the moderate 
temperature rise (<30K) when chalcogenide glass like As2S3 is exposed to laser. So, 
contrary to general view, the photothermal effect may not be negligible. The 
photothermal deformation results from thermal expansion along Z axis, and compression 
in the XY plane by the unirradiated surrounding medium. Photon penetration depth and 
laser beam radius and power density are important factors for the ultimate photothermal 
expansion. Significant elastic stresses may cause plastic deformation at the surface due to 
viscoelastic deformation resulting from photofluidity. 
8.3. A new model for photoinduced anisotropic deformations 
Photoinduced anisotropic deformation can be induced by single plane polarized 
laser irradiation of band gap energy and with intensity I > 1 w/cm
2
 [18, 19]. Saliminia et 
al. [18] observed the optical field induced mass transport, when the focused laser with the 
spot size much smaller than the sample size was used to irradiate the a-As2S3 thin film 
deposited on a glass substrate. Tanaka [19] reported the visible photoinduced anisotropic 
deformation when the unfocused laser with the spot size much larger than the sample size 
was applied to the bulk As2S3 flake or free standing film. Tanaka did not observe any 
photoinduced structure modification by Raman spectroscopy, that could correlate with 
the anisotropic deformation phenomenon [19]. We also performed in situ EXAFS to 
examine the photoinduced anisotropic modification of atomic structure, but did not 
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observe any structural signature for photoinduced anisotropic deformation. The 
photoinduced anisotropic modification of structure, if there is any, obviously cannot 
explain the dramatic photoinduced anisotropic deformation. In the following, we present 
the models to explain the photoinduced anisotropic deformation by considering several 
factors such as photothermal effect, photofluidity, optical filed driven mass flow, and 
internal shear forces. 
We assume that the laser beam has a Gaussian profile. In the first case, the 
chalcogenide glass film deposited on a substrate is irradiated by the focused laser with the 
spot size much smaller than the sample size. As described in previous section, surface 
expansion is induced due to the combination of photothermal effect and photofluidity, viz. 
photoexpansion, as illustrated in Figure 8-5.  As seen in chapter 7, the photofluidity is 
plausible given the diffusive motion through atoms switching positions (mobile atoms). 
Strictly speaking, the mobile atoms should be ionic due to the bond dissociation induced 
by photoexcitation. If the laser is randomly polarized, the mass flow occurs on the surface 
towards all directions according to Fick’s law. On the other hand, if the laser is polarized, 
the motion of these ionic atoms is biased by the optical field. Although the optical field is 
oscillating, the outward motion of ions is favored. The inward motion of ions (motion 
toward the beam center) receives high resistance from the material, while the outward 
motion is towards the free space and thus meets less resistance from the material. Overall, 
the gross outward motion is aligned with optical field.  
The distribution of viscosity values follows that of absorption of laser in the 
material. Therefore, the viscosity is the lowest at the beam center due to the highest 
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intensity of laser, and increases towards both the radial direction and the light 
propagation direction (see the iso-viscosity curves in Figure 8-5 (a)). Following the 
distribution of viscosity, the atomic motion is most active at the beam center, and 
becomes less and less active on the outward direction but aligned with optical field. At 
the boundary of laser beam, the mass flow is terminated. Therefore, the mass is mostly 
accumulated in the mid point between the laser beam boundary and beam center point. 
Given sufficient laser irradiation dose, a profile with a valley at the beam center and two 
pileups on the two sides is ultimately formed in parallel with the laser polarization 
direction, i.e. the photoinduced anisotropic deformation observed by Saliminia et al. [18]. 
In the case of free-standing chalcogenide glass film or flake irradiated by 
unfocused laser with spot size much larger than the sample size, photoexpansion occurs 
on all directions, i.e. the whole sample swells. The oriented mass flow occurs on the 
surface due to the polarized optical field, as described above. The sample is then 
deformed into a slight “V” shape as illustrated in the Figure 8-6 (c). Note that the 
viscosity is the lowest at the beam center, and increases on both the outward direction and 
beam propagation direction (see the iso-viscosity curves in Figure 8-6 (a)). Due to the 
gradient of viscosity along the beam propagation direction, the mass flow speed also 
exhibits such a gradient. Therefore, internal shear forces occur due to the mismatch of 
mass flow speed along the beam propagation direction. The outward shear force elongate 
the sample, while the inward shear force bends the sample. Eventually, the free-standing 
film is deformed into the shape as Tanaka observed [19]. 
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Table 8-1: Comparison of photoinduced changes in chalcogenide glass films. 
Glassy films  
Photodarkening (+) / 
bleaching (‒)  
Refractive index 
(+)/(‒)  
Bond expansion (+) 
/contraction (‒)  
Volume-expansion (+) 
/contraction (‒)  
As2S3  +, large  +, large +, large  ‒, (+, Kuzukawa)  
As45S55  +, large  +, large +, large N/A  
As30S70  +, very small  +, very small +, very small N/A  
As2Se3  +, large  +, large +, large ‒, + (annealed)  
As2S3, anneal +, large (rev.)  +, large (rev.) 0 +  
GeS2  ‒, large  ‒, large  0 + (Tanaka), ‒ (Kuz.)  
Ge28S72  ‒, large  ‒  0 N/A  
Ge2S3  ‒, very small  ‒  0 N/A  
GeSe2  ‒, large  ‒, large  ‒, small + (Tanaka), ‒(Kuz.)  
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Figure 8-1: Illustration of the volume construction of As2S3 glass by As coordination 
spheres and excess volume. 
 
 
Figure 8-2: Ilustration of (a) the semi-infinite material model and the Gaussian laser 
beam, and (b) the compressive forces applied on the volume under laser irradiation  and 
the expansion along z axis. 
(a) (b) 
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Figure 8-3: The temperature rise and its temperature density plot on the sample’s surface 
(a, b) and along material’s depth (c,d) at t = 100 s; the temperature rise induced surface 
displacement (e) at t=5000 s. The laser has weak absorption in a-As2S3, Ae= 10 cm
-1
, 
small beam radius, ω0e=100μm, and power density p = 31.8 W/cm
2
..  
(d) 
(a) (b) 
(c) 
(e) 
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Figure 8-4: The temperature rise and its temperature density plot on the sample’s surface 
(a, b) and along material’s depth (c,d) at t = 100 s; the temperature rise induced surface 
displacement (e) at t=5000 s. The laser has strong absorption in a-As2S3, Ae= 1000 cm
-1
, 
large beam radius, ω0e=500μm, and power density p = 1 W/cm
2
. 
(a) (b) 
(c) (d) 
(e) 
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Figure 8-5: Illustration of photoinduced anisotropic deformation of chalcogenide glass 
film attached on substrate. 
 
 
Photoexpansion: photothermal + photofluidity 
Optical fied driven anisotropic mass flow: optical field + 
photofluidity+charged mobile species 
(a) 
(b) 
(c) 
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Figure 8-6: Illustration of photoinduced anisotroic deformation of the free-standing 
chalcogenide glass film or flake. 
 
 
Free standing ChG film or glass flake 
Swelling: photothermal effect + photofluidity 
Deflection:  photofluidity + optical field driven 
anisotropic mass flow + internal shear forces 
(a) 
(b) 
(c) 
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Chapter 9: Conclusions 
Photoinduced effects in optical properties of chalcogenide glasses include 
transient, metastable, and permanent changes. The presence of these changes depends on 
the preparation method and thermal history of the samples. Permanent change occurs 
only in the as-deposited chalcogenide glass films, but not in either well-annealed films or 
bulk glasses prepared by the melt-quench method. Metastable change occurs in all the 
forms of chalcogenide glasses, indistinguished from permanent change in as-deposited 
films, but manifested in well-annealed films and bulk glasses (in order to be observable, 
the thickness of the bulks should be <100µm). Transient photodarkening is observed in 
all chalcogenide glasses. Photoinduced optical anisotropy (POA,      ) is transient, 
not related to metastable phenomenon, and exists universally in chalcogenide glasses.  
The non-transient optical changes may include photodarkening and 
photobleaching. The as-deposited arsenic and germanium chalcogenide glass films 
exhibit opposite photoinduced effects in optical absorption, refractive index and optical 
band gap. Permanent and metastable photodarkening and refractive index increase are the 
typical features of arsenic chalcogenides, whereas photobleaching and refractive index 
decrease are found in germanium chalcogenides. The compositional dependences of 
photoinduced changes are also distinct in the two systems. For arsenic chalcogenides 
studied in this work, photodarkening is prominent in stoichiometric and chalcogen-
deficient compositions, but becomes negligible in chalcogen-rich composition and 
elementary chalcogen. For germanium chalcogenides, photobleaching is prominent in 
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stoichiometric and chalcogen-rich compositions, but disappears in the chalcogen-
deficient composition.  
The non-transient photodarkening in arsenic chalcogenides includes both 
permanent and metastable photodarkening, while photobleaching in germanium 
chalcogenides is presumably permanent. Cyclic annealing-irradiation experiments 
distinguish the permanent and metastable changes. We also studied the kinetics of 
transient, metastable and permanent photodarkenings at the time scale of seconds to 
minutes. Transient photodarkening exhibits distinct kinetics from the metastable and 
permanent photodarkening. Specifically, transient photodarkening follows a stretched 
exponential function, while metastable and permanent photodarkening can be only fitted 
by compressed exponential function. Our measurements indicate that permanent and 
metastable photodarkenings are independent of laser irradiation intensity, while transient 
photodarkening is proportional to laser irradiation intensity. However, the increase of 
laser intensity does accelerate the kinetics of photodarkening. Different behaviors of 
photosensitivity between the transient and non-transient photodarkenings suggest that 
they have distinct origins.  
The structure of chalcogenide glasses was studied by EXAFS, electron diffraction, 
and XPS. In terms of determination of local atomic structure, EXAFS has better atomic 
resolution and higher accuracy than the diffraction techniques, and thus was used as the 
main tool to investigate the atomic structure and photostructural changes in chalcogenide 
glasses. Considerable amount of pairs of homopolar bonds such as As-As (Ge-Ge) and S-
S (Se-Se) is present in the as-deposited chalcogenide thin films, severely violating the 
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chemical order. For example in as-deposited a-As2S3, about 10% As-As and 10% S-S 
bonds are found by EXAFS. The bond length in arsenic and germanium chalcogenides 
shows distinct compositional dependence. In arsenic sulfides, the As-S bond length 
decreases as the concentration of As increases, while the As-As bond length increases. In 
germanium sulfides, the Ge-S bond length increases as the concentration of Ge increases, 
while Ge-Ge bond length decreases. 
In situ EXAFS was used to study the three types of photostructural changes in 
arsenic and germanium chalcogenide glassy films. However, we observed only 
permanent photostructural changes, and not the metastable or transient photostructural 
changes. We did not observe any photoinduced anisotropic modification of structure 
either.  
The photostructural change in GeSe2 involves a photoinduced reaction, i.e. 
2Ge Ge Se Se Ge Se     and a decrease of RGe-Se. No photostructural change is 
found in germanium sulfides by Ge K edge EXAFS to account for the significant 
photobleaching in these films. Photobleaching in germanium chalcogenides may be 
attributed to two factors: bond transformation and surface oxidation. The latter may have 
more pronounced effect on photobleaching given sufficient irradiation time. 
In comparison with germanium chalcogenides, the photoinduced changes in 
arsenic chalcogenides are intrinsic, and therefore, it is more interesting to study the 
photoinduced changes in arsenic chalcogenides. In arsenic sulfides, photostructural 
changes are evident in the atomic structure of first-, second-, and third-coordination shells. 
The modification of the nearest neighbors is the most striking change: the homopolar 
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bond pairs are transformed into As-S bonds; the As-S bond length increases but has no 
change in disorder; both the As-As bond length and the disorder decrease upon 
irradiation. At longer range, the distribution of the inter-layer spacing and the distance 
between arsenic and its third neighbors becomes more random after laser irradiation. On 
the other hand, the unchanged disorder of As-S bonds indicates that the As-As bonds are 
not in the form of As4S4 molecules. The photostructural changes can be described as the 
following processes: a photochemical reaction is triggered locally in which the 
nonequilibrium homopolar bonds (e.g. As-As, S-S) are converted into heteropolar bonds 
(e.g. As-S). This bond switching process brings extra freedom for the system to relax 
itself, and thus drives the expansion of bond length throughout the network structure of 
the material. The photostructural changes are independent of laser intensity.  
The kinetics of photostructural changes was studied by conventional EXAFS and 
the state-of-the-art Q-XAS technique. It is found that the bonds expand as an exponential 
function of laser exposure time. The time constant for photostructural changes is 
comparable with that of metastable and permanent photodarkenings. Similar to the case 
of non-transient photodarkening, the laser intensity alters the kinetics but not the ultimate 
magnitude of photostructural changes. 
Permanent photodarkening and refractive index increase is highly correlated with 
the change of atomic structure in the as-deposited films. The glass films with higher 
magnitude of photodarkening and refractive index increase also exhibit larger 
photostructural changes. There exist several similarities between permanent 
photodarkening and photostructural changes in as-deposited films. No laser intensity 
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dependence is found for either the change of atomic structure or permanent / metastable 
photodarkening. In addition, the kinetics of photostructural change and non-transient 
photodarkening occur at the similar time range. Therefore, the photostructural changes in 
the as-deposited arsenic chalcogenides account for the irreversible photodarkening. 
However, the bond transformation mechanism does not explain the occurrence of 
photodarkening. We found the expansion of bond length plays an important role for 
producing the photoinduced effects in ChG, e.g. it is responsible for the photodarkening 
and refractive index increase in arsenic chalcogenide glasses. The expansion of bond 
length lowers the chemical bond strength, thus decreasing the atomic potential, resulting 
in narrowing the optical band gap. 
We have investigated the structural origin of the photoinduced change of 
refractive index in arsenic chalcogenide glasses. The refractive index in partially 
molecular solids like arsenic chalcogenides is determined by two factors: the interatomic 
and intermolecular distances. The excess volume is largely reduced when as-deposited 
As2S3 is irradiated, and thus the average interlayer distance increases, which leads to the 
increase of refractive index. Rather independently, as the interatomic distance increases, 
the bond strength becomes weaker and the interaction between atoms becomes weaker. 
Accordingly, the polarizability of molecules increases, and therefore the refractive index 
increases. Therefore, the expansion of the major bonds in arsenic chalcogenides 
contributes to the increase of refractive index.  
Thermally induced changes depend on the annealing environment and 
temperature. The structural change when as-deposited film is annealed in air or N2 is 
 309 
identical to the photostructural change, whereas no structural change is found when the 
as-deposited film is annealed in vacuum. The thermally induced change of optical 
properties is distinct. When the as-deposited film is annealed in air or N2, the absorption 
edge shifts to higher energy with the annealing temperature much below Tg , but shifts to 
lower energy with the annealing temperature around Tg. In contrast, the vacuum 
annealing (even at T > Tg) always shifts the absorption edge to higher energy.  
In contrast to permanent photostructural changes, our EXAFS measurements 
revealed neither reversible nor transient photostructural change corresponding to the 
metastable and transient photodarkening at the time scale of seconds, respectively. 
However, there are some reported evidences for the reversible photostructural changes, 
including the decreasing intermediate range order, creation of As-As bonds, and 
increasing randomness of the distribution of As-S-As angles, while theoretical study 
mainly focuses on the creation of VAP defects. The origin of metastable photodarkening 
is not conclusive yet. 
It is evident that transient photodarkening has distinct origin from metastable and 
permanent photodarkening. Unlike non-transient photodarkening which is more likely 
related with atomic processes, transient photodarkening involves more complex processes, 
probably including both electronic and atomic processes. The electronic origin of 
transient photodarkening may include the localized carriers at the tail states, self-trapped 
carriers due to strong electron-phonon coupling, and carriers trapped by charged defects. 
Photoinduced optical anisotropy (POA) is also a transient phenomenon, probably arising 
from the oriented dipoles composed of pairs of charged defect and its trapped 
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photoexcited carrier. Transient photodarkening occurs at various time scales ranging 
from picoseconds to seconds.  The broadness of time scale of transient photodarkening is 
consistent with the electronic processes which have dispersive carrier transport behavior 
at the broad time scale.  
Transient photodarkening at short time scale may be also related with some fast 
atomic processes. We made the first discovery of the fast photoexcited atomic processes 
at the time scale of picoseconds in disordered solids by LX-XAS technique. At this time 
scale, these fast atomic processes involve formation of pairs of homopolar bonds, 
relaxation of the strained bonds, and ultimate reversion to heteropolar bonds. As a result, 
photofluidity happens through bond switching and diffusive motion. It is proposed that 
the formation of homopolar bonds plays a crucial role in the global diffusive motion 
through the transferring of atoms to other sites. 
Photoinduced volume change in chalcogenide glasses is also investigated. It is 
found that the photoinduced volume change does not have one-to-one correspondence 
with photodarkening or photostructural changes. Photoinduced volume change depends 
on the thermodynamic state of glass (Tf), and the intensity and wavelength of excitation 
laser. Photocontraction is essentially a photorelaxation process, i.e. loss of 
configurational entropy through the loss of free volume in glass. In addition, the volume 
expansion induced by the significant bond length expansion (1.2*10
-2
 Å in a-As2S3) in 
the as-deposited films is also compensated by the large reduction of free volume. 
Photoexpansion arises from the viscoelastic deformation arising from the combination of 
photothermal effects and photofluidity. We modeled the temperature rise and volume 
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expansion induced by laser irradiation. With the moderate laser heating (~20K), 
significant surface expansion (>1 µm) occurs due to linear thermal expansion and 
Poisson effect of the compressive forces present on the interface between irradiated and 
unirradiated volumes. The photofluidity converts the elastic expansion from the 
photothermal effects to visoelastic deformation. Overall, photoinduced volume change 
arises from the competition between photorelaxation and photoexpansion. 
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